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Abstract

Abstract

Mitochondria are vital organelles responsible for ATP generation, regulating calcium
homeostasis, apoptosis and cell signaling. They are extremely dynamic organelle which adjusts
its morphology, number, position and distribution depending on the metabolic and physiological
needs of the cell. In neuronal cells distribution of mitochondria is very important and their
dysfunction has been associated with many neurodegenerative diseases. Major aim of this thesis
is to understand whether number and distribution of mitochondria maintains a set pattern in a
neuron and is that pattern signature for the neuronal function attributed to it. To answer this
query we used C.elegans six touch receptor neurons as a model. These neurons could be
triggered externally by gentle touch and functioning of it produces visual output which can be

scored and used as an index for the neuronal function.

We analyzed the pattern of mitochondria number and distribution in the sequential stages of
C.elegans development. Our results show that, in control conditions increase in mitochondria
number is proportionate to axonal growth. Increase in mitochondria number in proportion to
axonal growth ensures maintenance of constant mitochondrial density in the axonal process
throughout the development. Moreover, these mitochondria were not randomly arranged in the
axon and were maintaining an optimum distance from each other. Different axonal segments
depending on their proximity to other regions such as synapses or cell body also showed their
own subset of distribution pattern which was observed consistently in all the developmental
stages. Mitochondrial distribution was found to be sensitive to different stresses as well as
chemical agents like anesthetics and subjecting animal to these agents perturbed the number or

distribution or both.

Next we analyzed all the probable factors which could control mitochondrial number and
distribution which included motor proteins, cytoskeletal links, mitochondrial dynamics, touch
cell and mitochondrial function. Results showed that motor proteins regulated mitochondrial
number but didn’t show any effect on distribution. Whereas, rest all the factors effected both
mitochondria number and distribution but to a varying degree of severity. Of all the factors

listed, altered cytoskeleton structure showed the most severe effect in which axonal




Abstract

mitochondrial density and distribution was significantly altered. Similar, trends to a milder extent

were observed in mutants for touch receptor complex.

We checked whether mitochondrial number and distribution correlates to neuronal behavior by
doing behavioral assays. Wild type and mutants with altered mitochondria number and
distribution were scored for their gentle touch behavioral response. Results of the assay showed
that wild type mitochondrial number and distribution was prerequisite for elucidating wild type
touch response. Response elucidated by the animal for the behavioral assay was found inversely
proportional to the degree of alteration in mitochondria number and distribution. Results of the

assay thus confirmed that mitochondria number and distribution correlated to neuronal behavior.
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Chapter 1 - Introduction

1. Introduction

Neurons are highly polarized cells which have differentiated processes both morphologically and
functionally. Neuronal cells can be divided broadly into three processes: cell body (soma), axons
and dendrites. As these processes are highly elongated, they are dependent on axonal transport
for transport of wide variety of cargoes which include golgi derived vesicles, endocytic vesicles,
lysosomes, autophagosomes, mitochondria, cytosolic proteins, cytoskeletal polymers etc. All
these transport events are coordinated and regulated quite precisely which take care of the local
as well as global needs of the cells so the concerned functions could take place. Thus disruption

of this transport is responsible for causing many neurodegenerative diseases.

Mitochondrion is one of the important class of axonally transported organelle. Neurons are
dependent on mitochondria for taking care of their ATP needs and it is reported that 90% of
neuronal ATP requirement is taken care by mitochondria. Some of the energy intensive neuronal
processes are ion transport during synaptic transmission, packaging and transport of
neurotransmitters, firing of action potential, cytoskeleton assembly. As the landscape of the
neuronal process is too long, efficient transport and placement of these organelles is a necessary

prerequisite.

Like other class of neuronal cargoes, mitochondria also undergo bidirectional transport where the
movement event is mixed with frequent pauses and reversals. Only half of the mitochondria
present in the axons are reported to be moving, rest half are anchored and stationary. As neuronal
function including synaptic activity are dependent on mitochondria, efficient mechanism for its
transport and docking are very important. Disruption of this transport and coordination
mechanism results in disrupted distribution and has been reported to be linked with several

neurodegenerative diseases.




Chapter 1 - Introduction

1.1.  Caenorhabditis elegans: as a Model to Study Axonal Transport
1.1.1. Life Cycle of C. elegans

Use of nematode Caenorhabditis elegans as model organism was initiated by SydneyBrenner in
1960’s (Brenner S, 1974). It is a small free living soil nematode which is found globally, it has
two sexes, hermaphrodites and males both of which are approximately one millimeter long.
Under laboratory conditions it is grown on NGM (Nematode growth medium) plates spotted
with E.Coli (OP50) bacteria as food source. It has temperature dependent life cycle, comprising
of four larval stages L1, L2, L3, L4 and egg laying adult (Fig 1.1). Life cycle from egg to egg
laying parent takes 5.5 days when grown at 16°C, 3.5 days at 20°C and 2.5 days at 25°C. Under
well fed conditions both males and hermaphrodites live for 17 days. Under food deprivation
conditions it undergoes alternative larval stage known as dauer. Dauer stage helps the worms to

survive the adversity and these dauers can live for 3 months.

1.1.2. Nervous System of C. elegans

C. elegans body is made of 959 somatic cells out of which 302 cells are neurons and 56 are glial
cells (Sulston et al 1977, Sulston et al. 1983). C. elegans nervous system is divided broadly into
pharyngeal nervous system made of 20 neurons and present in the pharyngeal region and rest
282 neurons comprise the somatic nervous system present in the head, tail, ventral nerve cord
and dorsal nerve cord. Males have additional neurons which are specialized for mating behavior
(Sulston et al. 1981). The somatic nervous system has presence of 6400 chemical synapses, 900
gap junctions and 1400 neuromuscular junctions (Varshney et al. 2011). Nervous system of C.
elegans develops in three broad phases: first phase is during proliferation stage in
embryogenesis, other two neuronal developments takes place during L1 and L2 larval stages

(Sulston et al. 1983).

C. elegans neurons are broadly classified into motor neurons, sensory neurons, interneurons and
polymodal neurons depending upon their functional specialization (Altun et al 2011).
Locomotory behavior such as swimming, thrashing and crawling are controlled by motor
neurons. Out of 302 neurons 113 are classified as motor neurons. Some distinct classes of motor
neurons are A and B type motor neurons which include VA, VB, DA, DB and AS neurons; all

these neurons release acetylcholine neurotransmitter and have stimulatory action. Another class




Chapter 1 - Introduction

is D-type motor neurons which include VD and DD neurons which secrete y-aminobutyric acid

and are inhibitory in action (Altun et al 2011).

Sensory neurons are responsible for sensing environmental signals like temperature, mechanical
stimuli, pH, osmotic shock, odor, oxygen concentration, light sensation etc. Interneurons act as
connecting link between two or more class of neurons. These neurons direct signals from one
class of neuron to the other neuron (Altun et al 2011). Neural circuit which links
mechanosensation with locomotion has involvement of mechanosensory neurons, interneurons
and motor neurons (Goodman 2006) (Fig 1.4 C). Mechanosensory neurons ALM, PLM and
AVM receive the mechanical stimuli. These neurons are connected to interneurons AVB, AVC,
AVA and AVD by chemical synapse and gap junction (Goodman 2006). Mechanical stimulus
transmitted to interneurons are directed to motor neurons DB, VB, DA and VA by the gap
junction between the two which in turn is converted into forward and backward locomotory

movement (Goodman 2006).

1.1.3. Benefits of Caenorhabditis elegans as a Model System

There are several benefits of using C. elegans as a model system to address various biological

problems:

1) It is small in size, has short generation time and can be cultivated at ease under
laboratory conditions.

2) It has presence of two sexes male and hermaphrodite. Majorly it propagates by self-
fertilization, so the progenies are genetically identical. When, genetic manipulation
needs to be done genetic crosses could be carried out with ease using males.

3) Has transparent skin and egg cell thus providing ease to visualize biological events in
the live organism.

4) Has presence of 959 somatic cells (Sulston et al.1983) out of which 302 are neurons,
lineage and circuitry of which is well established (White et al 1986).

5) Genome is mapped and shares 40% similarity to humans (C. elegans Sequencing

Consortium).
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6) It has a powerful well established genetic system. The ways to manipulate genome
using mutagens, molecular manipulations using microinjections or using genetic
crosses/chromosome balancers is well established (Fay 2006, Edgley 2006).

7) Other experimental techniques like laser ablation of cells, protocols for biochemistry

experiments using C. elegans are well documented.

1.2. Mitochondria Structure and Function

Most predominant theory for the origin of mitochondria is the endosymbiotic theory which states
that mitochondria were free living prokaryotic cells and started living inside another host cell as
endosymbiont (Margulis 1981). Genomic studies have shown the similarity of mitochondrial
DNA to eubacterial genome and specifically to alpha proteobacteria (Gray et al 1994, Yang et al
1985). Size and shape of mitochondria varies from small spherical to long tubular structures
depending upon the physiological state of the cell but approximately 0.5-1.0um diameter in
dimension. Most of the mitochondrial proteins are encoded by nuclear genome and transported to
mitochondria but it also has its small circular DNA which encodes for thirty seven genes,
thirteen of which are responsible for encoding proteins subunits of respiratory chain complex I,

III, IV and V (Dimauro et al 2005).

Mitochondria are made up of inner and outer membrane. Both the membranes are made up of
phospholipid bilayer which demarcates the mitochondria into five distinct compartments: inner
membrane, inter membrane space, outer membrane, inner membrane matrix and cristae
respectively. Mitochondrial ultra-structure also undergoes frequent remodeling depending upon

the tissue type as well as physiological state of the cell.

Outer mitochondrial membrane (OMM) has equal ratio of protein to phospholipid. OMM has
presence of proteins termed as porins which has approximate radius of 1.3-2x10" m (Colombini
et al 1987) which makes this membrane permeable to molecules up to 5 kDa (Colombini et al
1987, Mannella et al. 1992). Porins are also named as Voltage dependent anion channels
(VDAC:S), and have been reported to be structurally conserved (Linden et al 1984, Sampson et al
1997, Young et al 2007). Voltage-dependent anion channel (VDAC) of the OMM along with
adenine nucleotide translocase present in IMM and cyclophilin-D (CyP-D) present in matrix

forms the mitochondrial permeability transition (MPT) pore complex (Crompton et al 1998,
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Vyssokikh et al 2001). MPT has been reported to be involved in programmed cell death
(Crompton 1999, Tsujimoto et al 2007). OMM thus acts as a membrane barrier between
cytosolic space and mitochondria. It is the mediator for exchange of metabolites and ions for

maintaining the structure and function of mitochondria.

Inner mitochondrial membrane has 80:20 ratio of protein to lipid. In contrast to outer
mitochondrial membrane which is permeable to diverse metabolites and ions, IMM is very less
permeable thus results in creating compartmentalization (Krauss 2001, Osman et al 2009). One
of the signature lipid found in IMM is cardiolipin, it has a dimeric structure and it has been
reported to be involved in stabilization of enzymes and respiratory chain complexes (Chen et al
2008). IMM has presence of machinery for oxidative phosphorylation as well has presence of
specialized mechanism for transport of metabolites and ions (Krauss 2001, Osman et al 2009).
Machinery present for oxidative phosphorylation is electron transport system and ATP synthase.
Electron transport system is organized into four complexes known as Complex I, II, IIT and IV
respectively. Some of the proteins involved in transport across IMM are adenine nucleotide

it . :
translocase, Na /Ca  exchangers, calcium uniporter.

1.3.  Factors Influencing Transport and Distribution of Mitochondria in Axon

1.3.1. Molecular Motors

Slow and fast axonal transport on cytoskeleton track takes place with the help of molecular
motors. These motors are ATP dependent and convert chemical energy released by ATP
hydrolysis into mechanical work in the form of movement of organelles (Liu et al 2003). These
motors are specific for cytoskeleton structure on which they drive organelle movement. Fast
axonal transport of mitochondria on microtubule tracks takes place with the help of anterograde
motor kinesin (Tanaka et al 1998, Glater et al 2006, Pilling et al. 2006) and retrograde motor
dynein (Pilling et al. 2006). Whereas, slow axonal transport on actin cytoskeleton is reported to

be myosin motor mediated (Pathak et al 2010).

Kinesin-I is the first member of kinesin family identified to be involved in organelle transport in
axons including mitochondria (Hirokawa et al 1991). Kinesin-I is known to have a
heterotetrameric structure comprising of dimers of kinesin heavy chain (KHC) which binds to

two kinesin light chains (KLC) (Fig 1.2) (Hirokawa et al 1989, Miki et al 2005). Kinesin heavy
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chain has a globular head region at the N-terminal which is also known as motor domain of
Kinesin. The head has sites for two important functions which are ATP hydrolysis and
microtubule binding (Hirokawa et al 1989; Vale 2003). Head region is connected to a small neck
region which in turn is connected to a long stalk made up of two coil-coil domain which
dimerizes to make the dimeric structure. Last is the C-terminal tail region which binds with light
chains as well as associates with the neuronal cargo (Fig 1.2). Isoforms of KHC are known as
Kif5A, Kif5B and Kif5C in mammals (Vale 2003). Kif5 is reported as the prime motor for
mitochondrial transport in mammals and disruption of these motors has been reported to result in
abnormal mitochondrial clustering (Tanaka et al 1998, MacAskill et al 2010). In Drosophila
mutation of Khc has reported to show similar effect resulting in impaired mitochondrial
movement and disturbed distribution (Hurd et al 1996; Pilling et al 2006). In C. elegans unc-116
encodes for kinesin heavy chain and mutants of wunc-1/6 have been reported to result in
disrupting of mitochondrial transport thus no mitochondria were found in axonal processes and
were localized only in cell body (Yan et al 2013). Apart from kinesin-I members of kinesin3
have also been reported to interact with mitochondria in mammals (Kif5B) (Tanaka et al 1998,

MacAskill et al 2010) and fungi Neurospora (Nkin2) (Fuchs et al 2005).

Cytoplasmic Dynein is the primary retrograde motor responsible for bringing the organelles back
to cell body from the axonal tract. Dynein motor has a complex structure comprising of Dynein
heavy chain (DHC), dynein light chains (DLC), intermediate chains (IC) and light intermediate
chains (LIC) (Fig 1.2) (Susalka et al 2000, Carter et al 2011). Dynein heavy chain also has a
complex structure which is divided into the motor domain and the tail subunit, motor domain is
responsible for ATPase activity and microtubule binding; whereas tail domain connects heavy
chain to light and intermediate chain which binds to the cargo (Mocz et al 2001, Carter et al
2011). Motor domain has a ring structure made up of six AAA (ATPases Associated with diverse
cellular Activities) domains; N-terminal region which form the linker sits on the top of the ring
and its position changes based on presence or absence of ATP and drives the movement. C-
terminal region is also aligned on the top of AAA ring. Coiled stalk with microtubule binding tip
arises between the AAA4 and AAAS domain (Fig 1.2) (Mocz et al 2001, Carter et al 2011).
Dynactin has been reported as a large complex reported to be associated with dynein motor and

responsible for enhancing motor processivity (King et al 2000). Mutation in both dynein (Pilling
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et al 2006) and dynactin complex (Levy et al 2006) has been reported to effect mitochondrial

transport and distribution.

Short distance slow axonal transport on actin filaments takes place with the help of myosin
motors. Myosin mediated transport is prevalent in specific regions of axons like presynaptic
terminals, dendritic spines and growth cones which are actin rich (Peters et al 1991, Bridgman
2004). Structure of myosin motor is quite similar to kinesin motor but myosin motor domain is
considerably bigger in size compared to kinesin motor domain (Fig 1.2) (Rayment 1996, Holmes
2008). The motor domain of myosin is responsible for ATP hydrolysis and actin binding. In
some of the myosin proteins, light chain is known to bind to motor domain to increase the
strength of power stroke. Myosin V and VI has been reported to be involved in actin mediated
mitochondrial transport in Drosophila neurons (Pathak et al 2010). Myosin V ortholog Myo2p
has also been reported to be involved in mitochondrial transport in yeast (Boldogh et al 2004).

Motors connect to their cargoes either directly or linkage routed through some linkers or adaptor
molecules (Goldstein et al 2000). Some of the adaptors are quite well known for their association
with kinesin, dynein and myosin motors and being involved in mitochondrial transport. Some of
the linkers well characterized for associating with kinesin motor and mitochondrial transport are
syntabulin, milton and miro. Syntabulin co-localizes with mitochondria and knockdown of
syntabulin expression disrupts mitochondrial distribution. This has been reported in cultured
hippocampal neurons (Cai et al 2005). Milton and miro are another group of adaptors well
documented for their involvement in mitochondrial transport in Drosophila and mammals (Cai et
al 2009, Guo et al 2005, Glater et al 2006, Gorska-Andrzejak et al 2003). In mammals two
isoforms of miro: miro I and miro II are present (Fransson et al 2006); mammalian orthologue of
milton are known as Trak 1 and 2 (trafficking kinesin-binding protein 1 and 2) (Brickley et al
2011). Miro is a Ca®" binding rho like GTPase present on the outer mitochondrial membrane
which connects milton to KIF5 kinesin heavy chain (Glater et al 2006). Mutation in milton as
well as miro has been reported to effect anterograde transport of mitochondria (Cai and Sheng
2009, Guo et al 2005, Glater et al 2006, Gorska-Andrzejak et al 2003). Miro is a GTPase having
two GTP binding domains and EF hands motifs which bind with Ca®"; GTP hydrolysis or
binding of Ca®' to the EF motifs has been reported as the possible mechanism for detaching

mitochondria from the motors and hence resulting in halting of mitochondria (Cai et al 2009).
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Similarly, dynactin complex is reported as adaptor for dynein which enhances the processivity of
the dynein motor (Kardon et al 2009). Mmrl1p has been reported as an adapter for Myo2p (yeast
ortholog of myosin V) (Itoh et al 2004).

1.3.2. Cytoskeletal Links

Motor mediated mitochondrial movement takes place on the cytoskeletal tracks. Apart from
controlling mitochondrial movement(Hollenbeck et al 2005), cytoskeleton framework has been
reported to control mitochondrial morphology (Rappaport et al 1998), mitochondrial function
(Rostovtseva et al 2008) as well as its positioning (Milner et al 2000). Axonal transport of
organelles including mitochondria was considered predominantly microtubule based for a long
time (Grafstein et al 1980, Allen et al 1985, Hirokawa et al 1986). Studies showing microtubule
independent actin based transport (Kuznetsov et al 1992) and occurrence of bidirectional
transport when MT tracks were disrupted using drug treatment (Morris et al 1995) gave strong
lines of evidence for the presence of actin based transport. In the neurons presynaptic terminals,
dendritic spines, growth cones have been reported to be actin rich (Peters et al 1991) and myosin
motor has been reported for mediating slow axonal transport on actin cytoskeleton (Langford
1995, Baas et al 2004). Axonal mitochondria thus move both on microtubules and actin filaments
but with different characteristic profiles. MT based mitochondrial transport is reported to be
comparatively much faster compared to actin microfilaments MF (Morris et al 1995) based
transport. Duty cycle was reported to be higher for MF compared to MT, whereas net direction
of transport was retrograde for MF (Morris et al 1995). As the speed of actin mediated axonal
transport is very low and net transport direction is retrograde, actin microfilament based
mitochondrial transport is considered as less predominant mode and back-up means of transport

during localized needs.

1.3.2.1.Microtubules

Axonal microtubules have polar arrangement with plus end directed towards axonal terminals
and minus ends towards the cell soma whereas in dendrites the polarity is mixed (Hirokawa et al
2004). Microtubule mediated organelle transport takes place with the help of molecular motors.
Kinesin motors are plus-end directed and mediate anterograde transport whereas dynein mediate

retrograde transport towards minus ends of microtubule.
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1.3.2.1.1. Structure of Microtubules

Microtubules are cytoskeleton structure found in all eukaryotic cells. They do various vital
functions such as providing polarity and structural framework to the cell, play role in cell
division, intracellular trafficking etc. They are heterodimers formed by polymerization of two
globular proteins alpha and beta tubulin (Fig 1.3) (Desai et al 1997). Height of the dimer formed
is 8nm. Alpha and beta tubulins have 50% amino acid similarity and have molecular weight of
55 kDa (Burns 1991). Both alpha and beta tubulin sub-units have GTP binding sites, alpha
tubulin has non hydrolysable GTP binding site whereas, beta tubulin has hydrolysable GTP
which can be exchanged by GDP (David-Pfeuty et al 1977, Spiegelman et al 1977). Alpha and
beta tubulin heterodimers assemble head to tail into linear protofilaments. This head to tail
arrangement gives polarity to the microtubule (Nogales 1999). Linear protofilaments assemble
side by side to form microtubule which is a hollow cylinder of approximately 25 nm diameters
(Desai et al 1997). Usual number of protofilament present in microtubules is 13. Head to tail
arrangement of tubulins leads microtubule to have one end having only beta tubulin also known
as plus end or faster growing end whereas the other end has all alpha tubulins termed as minus

end or slow growing end (Allen et al 1974).

Microtubules show dynamic instability which is a phenomenon in which microtubules are
continuously in phase of polymerization and depolymerization (Fig 1.3). Polymerization phase is
known as rescue whereas depolymerization is known as catastrophe (Mitchison et al 1984 a, b).
Proteins known as MAP’s (Microtubule associated proteins) have been known to be associated
with microtubules to provide them stability and help in assembly (Hirokawa N 1994). Plus end
tracking proteins (+TIPs) are MAPs associated with microtubule growing end (Akhnamova et al
2008). +TIPs have been known to play role in controlling microtubule dynamics (Lansbergen et
al 2006). Some of the members of +TIPs are cytoplasmic linker protein (CLIP)-170, CLIP-
associating proteins (CLASPs), adenomatous polyposis coli (APC) tumor suppressor, and end-
binding 1(EB-1) (Mimori et al 2003, Schuler and Pellman 2001). EB-1 has been known as one of
the key members of +TIPs and has been known to play a vital role in regulating microtubule

dynamicity (Vitre et al 2008, Rogers et al 2002).

10
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1.3.2.1.2. Microtubules and MAP’s in C. elegans

In C. elegans 11, 13 and 15-protofilament microtubules are present (Chalfie et al 1982). 11
protofilament microtubule is the most predominant microtubule found in most of the neurons as
well in muscles, hypodermis and intestine, whereas only mechanosensory neurons of our study
have specialized 15-protofilament microtubules (Chalfie 1982, Chalfie et al 982). Average outer
diameter of 11 protofilament microtubules in C. elegans is reported to be 24 nm whereas that of
15-protofilament is 30nm (Chalfie 1982). Sensory cilia have been reported to be having a
varying arrangement of microtubules. They have outer doublet of microtubule arranged in a ring
like fashion which encircles the inner microtubule arranged in singlets. Inner singlets comprise
of 11 protofilament microtubules whereas outer doublet has one with 13 protofilaments (named

as A-subfibers) and other with 11 protofilaments (named as B-subfibers) (Chalfie et al 1982).

Some of the MAP’s which are found in C. elegans are ELP-1, PTL-1 and CLASPs. ELP-1 is a
member of Echinoderm Microtubule-Associated Protein (EMAP). Expression of ELP-1 has been
reported to be in embryos, larvae as well as adults. In embryo it is present in hypodermis,
whereas in larvae and adults it is expressed in body wall muscles, spermatheca, and vulval
muscles as well as in touch receptor neurons (Hueston et al 2008). ELP-1 was reported to
associate specifically with touch receptor neuron and has been reported to contribute to
mechanosensation (Hueston et al 2008). Association of ELP-1 with microtubule has been

reported both in-situ as well as in-vivo (Hueston et al 2008).

PTL-1(Protein with Tau-like repeats-1) is another MAP present in C. elegans. It is a single
member of MAP-2/Tau family in C. elegans (Gordon et al 2008). Using in-vitro experiments
PTL-1 has been reported to bind to microtubules and promote its assembly in C. elegans
(Goedert et al. 1996). PTL-1 is expressed in embryo, larvae as well as in adult C. elegans. In
embryos it is expressed in epidermal cells whereas in larvae and adults it is expressed in
specialized five (ALML, ALMR, PLML, PLMR and AVM) mechanosensory neurons (Goedert
et al. 1996). PTL-1 has been reported to be responsible for contributing to touch insensitivity and
in mechanosensory defective mutants both mec-7 and mec-12 it enhances the mutant effect
(Gordon et al 2008). CLASP is another group of MAP’s for which there are three homologs
known in C. elegans which are CLS-1, CLS-2 and CLS-3 all of which are involved in embryonic
development (Espiritu et al 2012).

11
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1.3.2.1.3. 15-Protofilament Microtubule in C. elegans

Microtubules impart specialized functions to the neurons; same is the case of 15-Protofilament
microtubules in C. elegans which are present only in six mechanosensory neurons. Six touch
receptor (TRN’s) neurons ALML, ALMR, AVM, PLML, PLMR and PVM respectively are
responsible for sensing gentle touch (Fig 1.4 A). These touch neurons are encapsulated by mantle
and embedded in hypodermis which is in-turn is in touch, with animal’s cuticle (Chalfie et al
1981) (Fig 1.4 B). Each of these individual TRN’s spans almost half of the animal’s body length.
These processes are in close proximity with animal’s skin; covers almost the entire length and

sense any external forces applied along the worm body.

Large diameter 15-protofilament microtubules as explained earlier are essential for gentle touch
sensation and absence of them in touch neurons lead to touch insensitive phenotype. These
specialized 15-protofilament microtubules are comprised of MEC-7 (B-tubulin) and MEC-12(a-
tubulin) tubulins (Fukushige et al., 1999; Savage et al., 1989). Mec-7(B-tubulin) and mec-12(a-
tubulin) genes forming the specialized protofilaments along with 10 other genes are known to be
responsible for mechanosensation and failure to produce them leads to mec (mechanosensation
deficient) phenotypes (Chalfie and Sulston, 1981). Most of the touch insensitive mec-7 and mec-
12 mutants have been reported to have 11-protofilaments instead of normal 15-protofilament
(Savage et al 1989). Structural integrity of the microtubule cell is thus important for elucidating
normal touch response and alteration in it either by mutation in mec-7/mec-12 genes or
depolymerizing it using chemical treatment like colchicine shows similar effects (Chalfie and
Thomson 1982). Disruption of 15-protofilament in mec-7 and mec-12 mutants have been
reported to result in decrease in expression levels of many TRN proteins like MEC-2 and MEC-3
(Bounoutas at al 2011).

1.3.2.14. Effect of Microtubule Stability on Mitochondrial Distribution and
Morphology

Role of microtubules have been implicated in movement and distribution of many organelles like
mitochondria (Summerhayes et al 1983), golgi apparatus (Thyberg et al 1985), endoplasmic
reticulum (Terasaki et al, 1994) and lysosomes (Collot et al. 1984). Stability and integrity of
microtubules has been reported as controlling factor to control movement and distribution of

these organelles including mitochondria. Studies have also reported that mitochondria and

12
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microtubules are co-distributed and some chemical link may exist between them (Heggeness et
al 1978). Structural integrity of microtubules is important to control mitochondria distribution,
thus depolymerization of microtubules by chemical agents has been reported to result in altered
mitochondrial distribution (Heggeness et al 1978, Minin et al 2006). A similar result of
regulation of mitochondrial distribution by microtubules has also been reported in Yeast
(Schizosaccharomyces pombe) using temperature sensitive (TS) alpha and beta tubulin mutants.
These TS mutants when were subjected to non-permissive temperature, it resulted in aggregated
and asymmetric mitochondrial distribution (Yaffe et al 1996). Microtubules have also been
reported to be involved in regulating mitochondrial biogenesis in mammalian cells and their
depolymerization have been reported to impact mitochondrial volume and mass (Karbowski et al

2000).

1.3.3. Mitochondrial Dynamics

Mitochondrial fission and fusion are important events for quality control of mitochondria
enabling them to maintain their structural and functional dynamics. Mitochondrial fission and

fusion are known to play several vital roles like:

1) Maintenance and repair of mtDNA (Parone et al 2008),

2) Control of mitochondrial morphology (Santel et al 2001, Serasinghe et al
2008, Chen et al 2005, Nakamura 2006),

3) Maintaining normal respiration rate (Chen et al 2003, Chen et al 2005),

4) Equal distribution of proteins (Chen et al 2009),

5) Removal of damaged mitochondria by mitophagy (Twig et al 2008,
Gomes et al., 2011) and

6) Promote apoptosis when mitochondria are severely damaged (Lee et al

2004).

1.3.3.1.Mitochondrial Fusion

Mitochondrial fusion events require fusion of both outer and inner mitochondrial membrane.
Proteins involved in both inner and outer mitochondrial membrane fusion are GTPases. Genes
involved in outer membrane fusion are Fzo, Mfnl and Mfn2. Drosophila and Yeast fusion genes

Fzo(fuzzy onions) and yFzolp respectively were first set of fusion genes to be identified (Hales
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et al 1997, Hermann et al. 1998). Homologues for the same in mammals are Mitofusins I and II
(Mfnl and Mfn2) (Chen et al 2003, Eura 2003, Song et al 2009). All these proteins are GTPase
which are present in N- terminal region (Legros et al 2002, Rojo et al 2002, Olichon et al 2002).
They have a bipartite trans-membrane domain near the C- terminal region. This is flanked on
both sides by heptad repeat region (HR1 and HR2) which is hydrophobic in nature (Fritz et al
2001, Rojo et al 2002). MFN1 and MFN2 show 80% homology to each other (Legros et al 2002,
Rojo et al 2002). Another outer membrane fusion protein known in yeast is UGO1 (Sesaki and

Jensen 2001).

Role of Fzo gene in Drosophila was known by Fzo mutant in which mitochondria failed to fuse
during a specific stage in spermatogenesis. This gene is associated only with male specific germ
line and is responsible for male sterility in Drosophila (Hales et al 1997). Another Mfn
homologue found in Drosophila is known as Marf (Mitochondrial assembly regulatory factor),
expressed in both germ-line and somatic cells (Hwa et al 2002, Dorn et al 2011). Fzol deletion in
yeast resulted in highly fragmented mitochondria and eventually loss of mitochondrial DNA pool
was observed in these mutants (Hermann et al 1998). Mfn-1 and Mfn-2 has been found to be
associated with embryonic lethality in mouse and null mutants of these genes results in severely
fragmented mitochondria in embryonic fibroblast in mouse (Chen et al 2003, Chen et al 2005).
Mutations in Mfn2 gene has been known to be associated with Charcot-Marie-Tooth type 2A
(CMT2A) neuropathy (Zuchner et al 2004).

Fusion of mitochondria requires expression of Mitofusins/Fzo genes on both the mitochondria
involved in fusion process (Koshiba et al 2004, Meeusen et al 2004, Hoppins et al 2009). Fusion
first takes place between the outer mitochondrial membranes. Presence of GTPase domain is also
necessary for the complete fusion to take place, absence of the same results in mitochondria to be
close together to each other with a distance comparable to one of the heptad repeat domain(HR?2)
(Koshiba et al 2004). During fusion events FZO-I form homo-oligomer complex, whereas
MFN1/MFN2 form both hetero as well as homo-oligomer complex (Eura et al 2003, Griffin et al
20006).

Inner mitochondrial membrane fusion proteins known in yeast is MGM1 (Sesaki at al 2003,

Wong et al 2003). Ortholog for same present in mammals and drosophila are OPA-1, dOPA-1
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respectively, both of which are known to be associated in causing optic atrophies (Alavi et al
2007, Davies et al 2007). These proteins are confined to inter-membrane space and are closely
coupled to inner membrane (Olichon et al 2002). Structure of MGM-1/OPA-1 is that it has N
terminal region which has a mitochondrial targeting sequence (MTS). MTS is responsible for
mitochondrial import. Next is the trans-membrane region (TM) which is instrumental in
anchoring protein to the inner mitochondrial membrane. Other domains present are GTPase
domain, middle domain and GTP effector domain (GED) at C-terminal region (Olichon et al
2003). Out of the five characteristic domain of dynamin family, three domains (GTPase, Middle
and GED) are present whereas PH domain and proline rich domain area are absent. Both MGM 1
and OPA-1 are known to undergo post-translational modifications through proteolysis. In yeast
proteolytic cleavage results in formation of long and short isoforms I-MGM1 and s-MGM1
(Delettre et al 2001, Herlan 2004).

Role of MGM1 in inner membrane fusion in yeast was reported by using temperature sensitive
strain of yeast which could undergo outer membrane fusion but not inner membrane fusion
(Meeusen et al 2006). These temperature sensitive mutants also displayed deformities in cristae
development (Meeusen et al 2006). Depletion of OPA-1 results in mitochondrial fragmentation
and has been reported by using siRNA against OPA-1 in cultured mammalian cell (Johnson et al
2010). Using mice heterozygous and Drosophila melanogaster homozygous mutants of Opa-1, it
has been reported that it leads to increased mitochondrial fragmentation (Davies et al 2007,
Yarosh et al 2008). Besides fusion, Opa-1 has also been associated with various other functions
like cristae remodeling (Frezza et al 2006), ATP production (Lodi et al 2004), apoptosis and
cytochrome-c release (Amoult et al 2005). Opa-1 gene has been reported to be the most
predominant gene responsible for causing Autosomal Dominant Optic Atrophy (DOA)
(Alexander et al 2000, Pesch et al 2001, Davies et al 2007). DOA is neuropathy in which there is
degeneration of retinal root ganglion resulting in vision impairment (Kjer et al 1983, Davies et al

2007).

1.3.3.2.Mitochondrial Fission

Fission process is controlled by Dnm-1 in Yeast and Drp-1 in flies and mammals (Bleazard et al
1999, Smirnova et al 2001, Aldridge et al 2007). DNM-1 and DRP-1 are dynamin related

proteins having all the three core domains of the dynamin family which are GTPase, middle and
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GED domain respectively (Van der Bliek 1999). In between middle and GED domain is B-insert
region which anchors it to mitochondrial adaptor proteins which in turn is responsible for
recruiting DRP to fission site (Romero et al 2009). Unlike fusion proteins which have separate
proteins for inner and outer membrane fusion, fission doesn’t have separate proteins. DRP-1 is

predominantly cytosolic protein.

Apart from DNM-1/DRP-1, fission process requires involvement of many other receptor/adaptor
proteins to form the fission complex. One such protein is FIS1 which is present in yeast as well
as in mammals (Suzuki et al 2003). It is present on the mitochondrial outer membrane (MOM)
and has a highly conserved TRP-region domain (tetra trico peptide repeat) in the cytosolic region
(Suzuki et al 2003). Another cytosolic protein MDV1 has been reported in yeast which is
required to form the fission complex (Tieu et al 2002). MDV1 has NH,-terminal region which is
reported to bind to TRP region of FIS-1, next is the central coiled-coil domain, and then is C-
terminal domain which has at its end WD40 repeat (stretch of 40 amino acids with tryptophan
(W) and aspartic acid (D)) which binds to DNM-1 to form the fission complex (Karren et al
2005). MDV1 has been reported to be found only in fungi, another paralogue of MDV1 known
as CAF4 is also present in yeast this adaptor protein also has WD40 repeats (Griffin et al 2005).
Steps for fission in yeast are 1) interface between Fisl present on MOM with adapter molecules
MDV1 (or CAF4) which are present as dimers. 2) FISI/MDV1 form base and recruits DNM1 to
MOM 3) DNMI forms spirals around the fission site by oligomerization 4) DNM1 spirals leads
to constriction and finally leads to fission at the site by GTP hydrolysis.

No homologues of Mdvi/Caf4 are present in mammals. Fis-/ though known to be present in
mammals, its role has remained quite ambiguous and debatable. Some groups have reported that
it is involved in mitochondrial fission as its down regulation results in elongated mitochondria
(Yoon et al. 2003, Lee et al. 2004, Yu et al. 2005). But another study using RNAi mediated
hFisl gene silencing in Hela cell lines reported no observable effect of the same on
mitochondrial morphology and distribution (Otera et al., 2010). Another protein named as
mitochondrial fission factor (MFF) present on MOM has been reported to be involved in fission
(Gandre-Babbe et al 2008). It has also been reported that MFF and not hFISI is an essential
factor for DRP-1 mediated fission (Otera et al., 2010). Other factors like MiD49, MiD51/MIEF
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have also been reported to be involved in promoting DRP-1 dependent fission (Loson et al.

2013).

1.3.3.3.Fission Fusion Genes in C. elegans

Fzo-1 and eat-3 are the outer and inner membrane fusion genes present in C. elegans, these are
homologues of Fzol/Mfnl, 2 and Mgmli/Opal respectively (Kanazawa et al. 2008, Ichishita et
al. 2008). DRP-1 is the fission protein present in C. elegans (Labrousse et al 1999, Jagasia et al
2005). Fisl and Fis2 are the Fisl homologues present in C. elegans, but no homologues for
Mdv1/Caf4 are reported (Breckenridge et al 2008). C. elegans mutants for fzo-1, eat-3 and drp-1
have been reported to result in altered mitochondrial morphology, reduced brood size and
increased rate of embryonic lethality (Breckenridge et al 2008). In contrast fis-/ and 2 mutants

have been reported to show normal mitochondrial morphology and wild type characteristics.

CED-9 which is a anti apoptotic member of Bc/-2 family and localized to MOM has been
implicated to play role in C. elegans fission, fusion as well as apoptosis (Conradt et al 1998, del
Peso et al 2000, Delivani et al 2006, Rolland et al 2009). C. elegans embryos, over expressing
ced-9 showed presence of globular mitochondria (Stephane et al 2009). CED-9 has been reported
to show physical interaction with FZO-1 protein and its activity is fzo-/ and eat-3 dependent
(Stephane et al 2009). Similar results have been reported by expressing of C. elegans CED-9 in
cultured mammalian cells (Delivani et al. 2006). CED-9 has also been reported to show physical
interaction with DRP-1 and for promoting this interaction EGL-1 another member of Bc/-2
family (pro apoptotic BH3-only) has been involved (Lu et al 2011). Another group
(Breckenridge et al 2009) has reported that CED-9 and EGL-1 has no role to play in

mitochondrial fission/fusion process.

1.3.4. Neuronal Function

Neuronal activity has also been reported to effect mitochondrial transport and distribution (Li et
al. 2004, Chang et al. 2006). Mitochondrial movement and distribution has been reported to be
dependent on the growth state of the axon. By experiments done using cultured neurons, it has
been reported that mitochondria accumulate in the vicinity of the growth cones and when axonal
growth was blocked mitochondria were redistributed (Morris et al 1993). Even the presence of

nerve growth factor (NGF) has been reported to influence mitochondrial distribution (Chada et al
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2004). Similar observations were reported in the growing neurons in Drosophila larvae where
mitochondrial transport has been reported to show anterograde bias (Pilling et al. 2006, O'Toole
et al. 2008).

Neuronal activity mediated, in response to altered Ca®* levels or neurotransmitter release has also
been reported to influence mitochondrial transport and distribution (Yi et al. 2004). Ca®" levels in
the neurons are mediated by various events in neurons including neurotransmitter release (Zhang
et al 2004) as well as action potentials (Zhang et al 2006). Ca®" has been reported to be
controlling mitochondrial motility in multiple ways. EF hands of Rho like GTPase Miro bind to
Ca®" which releases motor from the mitochondrial surface and thus results in halting of
mitochondria (MacAskill et al 2009, Wang et al 2011). Experiments done in frog myelinated
PNS axons have reported that firing of action potential reduces the percentage of mobile
mitochondria significantly and this decrease in number of mobile mitochondria was
Ca”"dependent (Zhang 2010). Similar results were seen in myelinated CNS axons where firing of

action potential was blocked using tetrodotoxin (TTX) application (Ohno et al 2011).

It has been reported that neuromodulator serotonin (5-HT) increases mitochondrial movement in
hippocampal neurons (Chen et al 2007). 5-HT receptors activate AKT/Protein kinase B pathway
and inhibition of Akt has also been reported to block mitochondrial movement. In contrast
decreasing glycogen synthase kinase (GSK3beta) activity has been reported to enhance
mitochondrial movement (Chen et al 2007). Dopamine has been reported to show the inhibitory
effect on mitochondrial movement through the same AKT-GSK3beta signaling pathway (Chen
et al 2008). Structural changes in the neurons like myelination and demyelination have also been
reported to effect mitochondrial number, activity, velocity as well as size (Andrews H et al 2006,

Dutta et al 2006, Kiryu-Seo et al 2010).

1.3.5. Mitochondrial Function

ATP production is one of the major functions of mitochondria. Mitochondrial membrane
potential is one of the key determinant of the proton motive force which in turn drives all the
mitochondrial functions like ATP production (Dimroth et al 2000), Ca*‘uptake (Komary et al
2010) free radical generation (Suskit et al 2012) and apoptosis (Gautier et al 2000). Along with

mitochondrial membrane potential which is the major contributor for proton motive force in
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mitochondria; trans-membrane proton gradient is another addition to proton motive force which
finally drives ATP formation from ADP using ATP synthase (Dimroth et al 2000). Membrane
potential of individual mitochondria has also been reported to drive the direction of their
movement in axon. Mitochondria with high membrane potential have been reported to move in
anterograde direction towards growth cone whereas low membrane potential mitochondria have

been reported to travel retrogradely towards cell body (Miller et al 2004).

Local depletion of ATP in proximity with synapse and accumulation of ADP has been reported
as another factor responsible for halting of mitochondria and localization in these regions
(Mironov 2007). Calcium has been reported to play role in controlling mitochondrial movement
and distribution (Y1 et al 2004). It has also been reported that increase in level of cytosolic
calcium levels during synaptic activity also results in uptake of Ca>* by mitochondria resulting in
increase in mitochondria Ca®* concentration (Pitter et al 2002). It has also been reported that post
synaptic activity and membrane depolarization, mitochondrial movement was inhibited which
correlated with increase in mitochondria Ca®" concentration (Mironov 2006). Reactive oxygen
species (ROS) are the most harmful bi-product produced during mitochondrial respiration
(Dugan et al 1995, Murphy 2009). Superoxide dismutase (SOD) is the enzyme which neutralizes
these radicals. These enzymes are present in cytoplasm as well as in mitochondria (Fridovich
1975, Sturtz et al 2001). Mutation in these enzymes has been reported to result in damaged
mitochondria and blockage of mitochondrial anterograde transport (Sturtz et al 2001, De Vos et

al 2007).

1.4. Mitochondria Transport and Neuronal Function

Mitochondria play a very vital role in functioning of neurons and its dysfunction has been
reported to be associated with many neuronal disorders. Role of mitochondria in neuron starts
from the stage when neurons are developing and until they become fully functional entities.
During neuronal differentiation it has been reported that mitochondrial biomass increases and
mitochondria movement velocity decreases (Vayssie® et al.1992, Chang et al 2006). Signaling
molecules like nitric oxide and brain-derived neurotrophic factor (BDNF) which promote
mitochondrial biogenesis have also been reported to influence neural progenitor cells
differentiation and proliferation in mammalian brain (Cheng et al. 2003, Barsoum et al. 2006).

During axogenesis it has been reported that mitochondria shows selective preference towards
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neurite which forms axon and its density increases in these regions as compared to dendrites
(Mattson et al 1999, Ruthel et al 2003). It has also been reported that mitochondria play role in
establishing neuronal polarity (Mattson et al 1999) as well as in programmed cell death (PCD) in
newly developed neurons (Kirkland et al 2003).

Mitochondria have also been reported to play role in synaptic plasticity. Mutations in proteins
like DRP-1 and OPA1 which control mitochondrial dynamics and reduce dendritic mitochondrial
content have been reported to result in loss of synapses and dendritic spines. Increasing dendritic
mitochondrial content or mitochondrial activity has been reported to be associated with
enhancing the number and plasticity of spines and synapses (Li et al 2004). In Drosophila Drp-1
mutants, it has been reported that synapses were deprived of mitochondria resulting in elevated
Ca”" levels in neuromuscular junctions (Verstreken et al. 2005). Mitochondrial Ca>" uptake and
release has also been reported to be involved in Post-tetanic potentiation (PTP) and inhibiting it
has been reported to block PTP (Tang et al 1997, Lee et al 2007). Sequestering of Ca*" by
presynaptic mitochondria is important for maintenance of synaptic transmission (Billups et al

2002).

Mitochondrial distribution and functioning is extremely important for neuronal activity and its
dysfunction and abnormal dynamics has been reported to be associated with many
neurodegenerative diseases. In Alzheimer’s disease (AD), mitochondrial dysfunction i.e.
decreased ATP production, increased oxidative stress, increased Ca’" uptake, resulting in
increased mitochondrial autophagy has been reported to be involved (Maurer et al 2000, Hirai et
al 2001). Amyloid B peptide (AB) plaque (Goedert and Spillantini 2006) which is one of the
hallmarks of AD has been reported to be responsible for causing mitochondrial dysfunction
(Manczak et al. 2006). Similarly, in Parkinson’s disease (PD), decreased activity of
mitochondrial complex I has been reported to be responsible which in turn results in decreased
ATP production, increased oxidative stress, increased Ca®" uptake and mitopathy (Swerdlow et
al. 1996, Keeney et al. 2006). Moreover most of the genes like a-synuclein (Devi et al. 2008),
Parkin (Greene et al. 2003), DJ-1 (Zhang et al. 2005) and PINK1 (Yang et al. 2006) which have
been reported to be associated with PD has been reported to be linked to mitochondria directly or

indirectly. In amyotropic lateral sclerosis (ALS) motor neurons showing neuromuscular
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dysfunction tend to show increased free radical accumulation (Pedersen et al. 1998), decreased

ATP production (von Lewinski et al 2005) and disturbed Ca*" buffering (Kruman et al. 1999).

1.5. C. elegans Touch Receptor Neurons as a Model to Study Mitochondrial Transport

Mitochondrial transport is vital for functioning of neuron and its alteration has been reported to
impact neuronal development as well as it’s functioning. We wanted to check whether altering
mitochondrial distribution would affect signature function of a particular neuron. We aimed at
quantifying and correlating the effect which mitochondrial distribution had on neuronal function,
if it exists. In order to answer these questions we needed a neuronal system with the following

properties:

1) Simple in organization made up of few neurons.

2) Landscape of individual neurons should be such that individual neurons can be
independently traced down from cell body to axon tip. This will facilitate study of
mitochondrial distribution.

3) Functioning of the neuron could be checked by triggering the axon externally and it
produces some visual output which can be scored as an index for the neuronal function. To
answer these questions, we choose C. elegans touch receptor neurons also known as

mechanosensory neurons as the model system.

1.5.1. Mechanosensation in C. elegans

All living organisms from bacteria to human beings are subjected to a wide variety of
mechanical stimuli due to contact with the external environment or mechanical stimuli generated
due to its own movement. To convert these mechanical stimuli into neuronal signal (electrical or
chemical synapses), these organisms are equipped with specialized cell known as
mechanoreceptor neurons (MRNs) and this phenomenon is known as mechanotransduction
(French 1992). In mechanoreceptor neurons, mechanical stimuli generate electrical signals which
are transmitted to subsequent neurons mediated by electrical or chemical synapses.
Mechanosensation has been known to be responsible in perception of many physiologically vital
functions like touch, sound, balance, proprioception (position sense) etc. (Kellenberger S et al

2002).
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C. elegans is a free living soil nematode and is exposed to wide variety of mechanical stimuli in
the environment due to rubbing to the soil particle or being in contact with other organisms. To
respond to these stimuli, it has 30 mechanoreceptor neurons in hermaphrodite and 52 additional
mechanoreceptor neurons specifically present in males (Goodman 2006). C. elegans has both
ciliated and non-ciliated MRN’s which have been reported to evoke response to mechanical
stimuli in the form of locomotion, egg laying, defecation, feeding as well as mating (Thomas et

al. 1990, Liu 1995). Six touch neurons of our study belong to the class of non-ciliated MRN’s.

Ciliated MRN’s present in C. elegans are ASH, FLP, OLQ, IL1, CEP, ADE, PDE and Male-
specific MRNs (Kaplan et al 1993). ASH, FLP, OLQ and IL1 neurons are responsible for nose
touch response (Kaplan et al 1993). All the above sets of neurons respond to nose touch by
showing escape response or reversal movement (Kaplan et al 1993). Apart from mechanosensory
response, ASH neuron has been reported to mediate other responses like odor sensory,
osmosensory (high osmolarity), nociceptive (response to noxious stimuli such as toxic
chemicals, acidic pH etc.) (Kaplan et al 1993, Bargmann et al 1990). Six touch receptor neurons
(TRN’s) present in C. elegans are non-ciliated TRN’s. Structural organization of TRN’s and

touch receptor complex is described in the following sections.

1.5.1.1.Structural and Functional Organization of Touch Receptor Neurons (TRN’s)

Six touch receptor neurons (TRN’s) present in C. elegans are non-ciliated TRN’s. Four of these
cells anterior lateral microtubule cells (ALMLeft and ALMRight) and posterior lateral
microtubule cell (PLMLeft and PLMRight) are present on the lateral side and present at the time
of hatching. Whereas, other two anterior ventral microtubule cell (AVM) and posterior ventral
microtubule cell (PVM) are present in the ventral region and are developed post embryonically.
These touch processes run longitudinally and cover almost the complete length of the organism
(Fig 1.4 A). They are lined closely near the worm cuticle and are present in hypodermis; it is
further surrounded by extra cellular matrix also known as mantle which is reported to be having
varying thickness in different regions (Fig 1.4 B) (Chalfie and Sulston 1981). These cells have
specialized large diameter (30nm) 15-protofilament microtubules which are specific only to

these cells (Chalfie et al 1979).
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Using laser ablation studies it was reported that these cells are responsible for gentle touch
response. PLML and PLMR are responsible for gentle touch on posterior region which evokes a
forward movement whereas ALMR and ALML are responsible for response to anterior touch
which evokes a backward movement. AVM also shows weak response to head touch whereas
PVM has been reported not to be involved in gentle touch response (Chalfie et al 1981). These
neurons are also reported to be involved in plate tap response (Wicks et al. 1996). Forces for
gentle touch which these worms can recognize and respond range from 10-20uN (Garcia-
Anoveros 1997, Goodman et al 2003), gentle touch insensitive worms can respond to harsh touch

with forces greater than 100uN (Goodman et al 2003).

ALM and AVM branches into nerve ring whereas; PLM and PVM branch into ventral nerve
cord. These touch sensory neurons form gap junctions and synapses with different neurons to
control this locomotory circuit (Chalfie et al. 1985). They have been reported to have a
reciprocatory circuit: that is they form gap junction with opposite set of interneurons and
synapses with the same set of interneurons. Anterior set ALM and AVM form gap junctions with
AVD interneuron which is responsible for backward movement, similarly PLMR forms gap
junction with PVC interneuron which is responsible for forward movement (Fig 1.4 C). ALM
and AVM form synapses with AVB and PVC interneuron whereas PLMR forms synapses with
AVA and AVD interneuron.

1.5.1.2.0ther Components of Gentle Touch Receptor Channel Complex

Apart from mec-7(B-tubulin) and mec-12(a-tubulin) genes which are needed for formation of
specialized 15-protofilament microtubules, many other genes vital for gentle touch sensation has
been identified using genetic screens (Chalfie et al 1981; Chalfie et al 1989). These screenings
resulted in finding 16 such genes most of which were involved in sensing gentle touch and
together with microtubule cell it formed the touch receptor channel complex or

mechanotransduction complex (Fig 1.4 D) (Chalfie et al 1989).

Two genes mec-4 and mec-10 have been reported to form pore forming subunit of
mechanotransduction complex. These are also known as the DEG/ENaC channels or amiloride
sensitive channel as dominant gain of function mutation of these results in cell swelling and

degeneration so known as degenerins (DEG) (Chalfie et al 1990, Driscoll et al 1991), they are
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also referred as ENaC for epithelial (E) sodium (Na) channel (C) or amiloride-sensitive channels

(ASC’s) as diuretic amiloride results in blocking of these channels (Canessa 1994).

DEG/ENaC channels are found both in vertebrates and invertebrates and are responsible for
doing a wide variety of mechanotransduction functions (Kellenberger et al 2002). Apart from
mec-4 and mec-10, few other genes which are member of DEG/ENaC family are present in C.
elegans and are reported to play role in locomotion, muscle function, fluoride resistance etc
(Mano et al 1999). It has been reported that DEG/ENaC proteins are evolutionary quite
conserved and share quite a lot structural similarity across species (Bianchi et al 2002). C.

elegans DEG/ENaC has been reported to show 20-30% homology with vertebrate DEG/ENaC.

MEC-4 is localized to only six touch receptor neurons whereas along with touch neurons, MEC-
10 is expressed in FLP’s and PVD neurons as well (Huang et al 1994). MEC-4 and MEC-10 are
768 and 730 amino acid long proteins respectively. Both the proteins have structural similarity
and show around 50% homology. These proteins have intracellular and extracellular domains;
both C and N terminus of the proteins are present in the intracellular domain. Two membranes
spanning domain (MSD1 and MSD2) are present in between these two intracellular and
extracellular domains. Extracellular domain has three cysteine rich domain (CSDI, CSDII and
CSDIII), one extracellular regulatory domain (ERD) and one neurotoxin like domain (NTD)
which overlaps with CSDIII domain (Tavernarakis et al 2001, 2000). MSD, CSD, ERD and NTD

domains are all evolutionary conserved and are characteristic of DEG/ENaC channels.

MEC-4 and MEC-10 have been reported to have both physical and genetic interaction (Huang et
al 1994; Gu et al 1996). It has been proposed that both MEC-4 and MEC-10 form a
heterotetrameric complex (Huang M et al 1994; Gu et al 1996). Structure and function of these
two proteins is studied using mutants which have been isolated using touch insensitive screen,
much fewer mutants of mec-10 have been isolated as compared to mec-4 (Chalfie et al 1981;
Chalfie et al 1989). Function of mec-10 has been reported to be regulatory in the channel
complex. Gain of function in mec-4 results in mec-4(d) which causes touch cell degeneration.
Mec-4(d) showed much weaker effect on mec-10(d), moreover weaker effect showed by mec-10
was found to be dependent on mec-4 (Huang et al 1994). Response for gentle touch is milder for
mec-10 as compared to mec-4; this has been supported by doing gene silencing by RNAi based
approach and deletion mutants for mec-10(tm1552 and ok1104 alleles) and mec-4(u253). Mec-10
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mutant showed better gentle touch response as compared to mec-4 (Arnadottir et al 2011).
Moreover null mutant of mec-4 having normal mec-10 expression has been reported to show no
mechanoreceptor current (MRC) (O’Hagan et al. 2005), whereas missense alleles of both mec-4
and mec-10 results in MRC’s with decreased amplitude compared with wild type (Arnadottir et

al 2011).

Another two proteins MEC-2 and MEC-6 have been reported to physically interact with MEC-4
and MEC-10. They enhance gating/functioning of these channels and both are required for
normal touch sensitivity (Chelur et al 2002, Goodman et al 2002). MEC-2 belongs to the family
of stomatin like protein, named so due to its similarity to membrane-associated protein stomatin
which is found in red blood cells (Huang M et al 1995). Size of MEC-2 protein is 481 amino
acids and apart from touch neurons it is expressed in some other neurons near the pharyngeal
region (Du et al 2001, Huang et al 1995). MEC-2 is a cytosolic protein which links DEG/ENaC
channel to microtubule cytoskeleton. NH2 terminus of MEC-2 is linked to microtubule, next to
NH2 domain is stomatin like domain which has a hydrophobic domain which links to the
membrane and another proline rich-SH3 which links to DEG/ENaC channel (Goodman et al
2002, Huang et al 1995).

There are both genetic and biochemical evidences which prove the interaction of MEC-2 with
microtubule cytoskeleton (MEC-7/MEC-12) and DEG/ENaC channel (MEC-4/MEC-10). Using
Mec-2::LacZ fusion constructs; it was reported that MEC-2 was distributed in the six touch
receptor axon and that N-terminus of MEC-2 was sufficient for MEC-2 distribution to the axon
(Huang et al 1995). MEC-2 localization to six touch receptor neurons was also reported using
MEC-2 specific antibodies (Zhang et al 2004). It was also reported that presence of 15-
protofilament microtubules was important for MEC-2 distribution using mec-7 null and mec-12
loss of function mutants (Huang et al 1995). However, missense mutant alleles of mec-12

showed strong effect on MEC-2 distribution in the similar experiments (Huang et al 1995).

Interaction between MEC-2 and MEC-4 has been proposed based on puncta co-localization
observed between MEC-2 and MEC-4 YFP (Zhang et al 2004) as well as co-
immunoprecipitation observed between MEC-2 and MEC-4 in Xenopus oocyte and CHO cell
(Goodman et al 2002). GST pool down assay using GST-MEC-4 resulted in pooling down of

MEC-2 as well as MEC-2 stomatin like region specifically; this gave a very strong evidence
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regarding interaction between MEC-2 and MEC-4 and this interaction was through stomatin like
region (Zhang et al 2004). Mutant form of Mec-2 when expressed with mec-4(d)/mec-10(d) in
Xenopus oocytes resulted in suppression of degenerin phenotype (Goodman et al 2002).
Recordings of current amplitude have reported to show increase when MEC-2 was co-expressed
with MEC-4 and MEC-10 in Xenopus oocytes (Goodman et al 2002). Along with MEC-4 and
MEC-10; MEC-6 protein is also required for MEC-2 puncta distribution in the touch neurons
(Zhang et al 2004).

Similar to mec-4, mec-10 and mec-2, mutation in mec-6 also results in touch insensitivity but all
these components which together form the channel complex don’t affect touch cell formation
(Chelur et al 2002). MEC-6 is 377 amino acid long trans-membrane protein and shares 45%
similarity with vertebrate paraxonase protein (Chelur et al 2002). Along with six touch receptor
neurons, it is also expressed in several other neurons like HSN, PVD, PVC, in muscles, excretory
canals etc. MEC-6 has been reported to assist in functioning of many other degenerin channels
apart from MEC-4/MEC-10 in C. elegans (Chelur DS et al 2002). Similar to MEC-2 co-
expression of MEC-6 in MEC-4(d)/MEC-10(d) mutant resulted in suppression of degenerin
phenotype and increased current amplitude (Chelur et al 2002). It has also been reported that
effect of mec-2 and mec-6 on functioning of mec-4/mec-10 degenerin channel is synergistic

(Chelur et al 2002, Austin et al 2008).

26




Chapter 1 - Introduction

1.6. Thesis Aim

Importance of mitochondria in functioning of neuron has been studied extensively using various
model systems, but how mitochondria are distributed and positioned in the neuronal regions is
poorly understood. One study using medial segmental nerves of Drosophila larvae have
determined the density of mitochondria in 1st, 2nd and 3rd instar larval stages (Toole et al 2008).
The neurons under study were nerve bundles, thus individual neurons could not be traced down.
Moreover, as single nerve could not be traced independently, density was estimated by counting
the number of mitochondria visible in 100um bin for the entire axon bundle. Mitochondrial
positioning with reference to the other mitochondria also could not be estimated. Due to large
landscape of neuronal cells, no study has been done so far to understand the distribution of
mitochondria in a single axon with the developmental stage of the animal. The effect of factors
regulating mitochondrial distribution in reference to a single neuron has also not been studied.
Moreover, proper functioning and positioning of mitochondria has been reported to be vital for
neuronal function; and alteration in it has been reported to result in neurodegenerative diseases.
But, no quantifiable relation between neuronal function and mitochondria has been reported till

date. This thesis aims to answer all these questions.

Chapter 2 of this thesis describes the experimental methodology adopted during the course of all

the experiments.

Chapter 3 of this thesis aims to study the number and distribution of mitochondria during the
course of development in C. elegans touch receptor neuron. It analyzes the trend in
mitochondrial density during the course of development. Mitochondrial distribution pattern in
entire axon in totality and different axonal segments during the course of development is
analyzed in depth. Pattern of mitochondrial distribution observed was explored using simulations

and statistical approaches.

Chapter 4 of this thesis aims to explore all the possible factors which would have been
instrumental in contributing to the pattern of mitochondrial distribution observed. Probable
factors which may be contributing to mitochondrial distribution were classified into five broad

classes:

1) Factors effecting entry and exit of mitochondria
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2) Anchoring factors
3) Dynamics of mitochondria
4) Touch cell function
5) Mitochondrial function.
Mutated alleles for all these factors were closely analyzed and scored for the extent of effect they

showed in disrupting mitochondrial transport and hence their number and distribution.

Chapter 5 of this thesis aims to explore whether mitochondrial number and distribution correlates
to the neuronal function. All the mutants effecting mitochondrial distribution in varying degrees
were scored for the behavioral response given by them in response to gentle touch. Extent of
mitochondrial distribution defect and mechanosensation response was correlated using statistical

tests.

Chapter 6 of thesis aims to explore the effect of growth and imaging conditions on mitochondria
number and distribution. For all the experiments done in the previous three chapters animals
were always grown in a well fed condition. Temperature and pH were constantly maintained and
monitored. All the imaging experiments were done using 50mM sodium azide anesthetic. If the
above conditions are not monitored closely worms are very frequently subjected to starvation
and occasionally subjected to temperature and pH fluctuations. In this chapter we attempted to
study the effect of some of the factors namely starvation, temperature, oxidative stress and

anesthetic used (for worm immobilization) on mitochondria number and distribution.

Chapter 7 of this thesis aims to confirm the identity of tong tubular vesicular compartments
observed in unc-16 mutant by EM (Electron Microscopy Imaging). This was an independent
work carried out to confirm some set of observations seen in our laboratory in unc-/6 mutant,
and was not related to the question answered in earlier sections. Chapter 8 of this thesis

summarizes the work completed and future course of direction.
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Figure 1.1: Life Cycle of C. elegans at 22°C

(Figure adapted from Altun, Z.F. and Hall, D.H. 2009. Introduction: In WormAtlas)
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(Figure adapted from Cecilia Conde & Alfredo Caceres, 2009. Nature Reviews Neuroscience 10: 319-332)
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(A) Represents position of six touch receptor neurons in C. elegans

(B) EM micrograph of TRN (sample for EM imaging provided by David Halls Lab)

(C) Neuronal circuit linking mechanosensation with locomotion (adapted from Goodman, 2006. Mechanosensation,
WormBook)

(D) Structural organization of touch transducing complex (adapted from Bianchi, 2007. Mol Neurobiology 36:254—
271
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2. Material and Methods

2.1. C. elegans Strains and Maintenance

Worm stocks were obtained from the Caenorhabditis Genetics Center (CGC is supported by
National Institutes of Health - Office of Research Infrastructure Programs). They were grown at
22°C on NGM agar media (composition in Appendix) seeded with E.coli strain OP50 (details in
Appendix) under standard laboratory conditions (Brenner 1974). Occasional contamination
which was observed was removed by treatment with bleach, as eggs are resistant to bleach. For
long term storage strains were maintained in liquid nitrogen using freezing media (composition
in Appendix). The strains which were used in this study were N2 (Wild type), jsls609, unc-
116(e2310), kic-2(kmll), dhc-1(js319), dhc-1(or195), mec-7(el343), mec-7(u443), mec-
12(el1607), mec-12(el605), eat-3(ad426), drp-1(tm1108), mec-4(u253), mec-2(e75), mec-
10(zb2551), egl-19(ad1006), egl-19(ad695), egl-19(n2368) and ebp-1(mec-7P; CFPebp-1).

Transgenic strain jsls609 was made by (Dr Sandhya, TIFR-Mumbai) by injecting plasmid
containing pmec-7::mitoGFP along with lin-15 marker into the wild type N2 worms. The
extragenic line was exposed to y-radiation for obtaining the integrated transgenic lines.
Following strains : unc-116(e2310), kic-2(kml1), dhc-1(js319), dhc-1(or195), mec-7(el343),
mec-7(u443), mec-12(el607), mec-12(el605), eat-3(ad426), drp-1(tm1108), mec-4(u253), mec-
2(e75), mec-10(zb2551), egl-19(adl1006), egl-19(ad695) and egl-19(n2368) were obtained from
CGC(Caenorhabditis Genetics Centre). Ebp-1(mec-7P; CFPebp-1) was obtained as an
extragenic line from Dr Yishi Jin’s laboratory (University of California, San Diego) and was

integrated later using the protocol described later in this section.

2.2.  Genetic Crossing Scheme

All the strains used in this study were crossed with transgenic strain jsIs609 to enable
visualization of mitochondria in six touch receptor neurons. Simple genetic crossing strategy was
used to make mutants in jsIs609 background. Mutant strains were crossed with js/s609 males. F1
progeny obtained was placed in isolated plates for selfing. F2 progeny showing mutant
phenotype are selected and left in isolated plates for selfing. Plates throwing all mutant

phenotypes were checked for the presence of GFP marker, which was than homozygosed.
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Genotype of strains built was confirmed by using PCR. Strains which didn’t have any visible

phenotype were made either using some visible marker or exclusively by PCR based assays.

2.3. Isolation of Genomic DNA

Worms were grown on OP50 plates until food was depleted. Worms were washed from the
plates using M9 buffer (composition in Appendix) and transferred to a 15 ml conical glass tubes.
Worms were successively (3-4 times) washed using M9 buffer by gently pelleting them using
low spin, throwing the supernatant and resuspending the worm pellet in fresh M9 buffer.
Washing with M9 buffer facilitated complete removal of bacteria. Worms were then suspended

in 1 ml M9 buffer and transferred to 1.5 ml eppendorf tube.

After centrifugation at 13000 rpm the worm pellet was suspended in 500 pl of worm lysis
solution (100mM tris pH 8.5, 100mM NaCl, 50mM EDTA, 1% SDS, and proteinase K
100pg/ml). Worms suspended in lysis solution were incubated at 60°C for 90 minutes. RNaseA
(20pg/ml) was then added and the tube was incubated at 37°C for 30 minutes. The tube was
spinned in a microfuge and the supernatant transferred to new tube and an equal volume of
Phenol/CHCI3 was added. It was gently mixed which was followed by centrifugation at 13000
rpm for 3 minutes. The aqueous phase obtained was extracted. To this extract 2.5 volumes of
absolute ethanol was added. Whole mixture was spinned at 13000 rpm for 10 minutes. The Pellet
was washed with 70% ethanol to remove salt. The pellet was then re-suspended in 100ul TE
buffer (composition in Appendix) and was stored at -20°C. All the chemicals used in the

genomic DNA extraction were from Sigma-Aldirich.

2.4. PCR Reaction Condition

The PCR with primer specific for the mutant to be screened was carried out. Primers were
procured from Sigma-Aldirich. PCR reaction was set using chemicals from Sigma-Aldirich PCR
kit. 50 pl of PCR reaction mix was prepared using 5 pl of 10X PCR buffer, 1 pl of dNTPs
(10mM stock), 2.5 pl of each primer from (10uM stock), template concentration 200ng/ pl and
Taq polymerase (1.25 units/50 pl PCR), rest of the volume was adjusted using nuclease free
water. The PCR was performed under the following conditions: Step 195 ° C — 5 minutes (initial

denaturation) Step II 95° C — 30 sec (denaturation) Step III Temperature set according to primer
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annealing temperature — 45 sec (primer annealing) Step IV 70° C — 5 min (extension) Step V go

to step 2 and repeat 20 times Step VI 70° C — 5 min (final extension) Step VII 10° C — hold.

2.5. Image Acquisition and Analysis

For all the light microscopy imaging (except when effect of different anesthetics was checked)
animals were immobilized using 50mM sodium azide (Sigma-Aldrich) prepared in M9 media.
Worms were mounted by application of anesthetic under cover slips on a 2% agarose pad. To
check the effect of anesthetics 10 mM levamisole (Sigma-Aldrich) and 10mM Muscimol
(Sigma-Aldrich) in M9 media were also used, worms were mounted in the similar ways as
described above. All the images were acquired at 60X objective on Nikon 800E microscope.
Microscope was installed with QEi camera (Media cybernetics). Images were acquired using
Qcapture pro software. Five to six animals were mounted on a single slide and images were
acquired within 30 minutes of anesthetics application. Worms were always aligned with

pharyngeal region at the left and tail at the right orientation while taking the snapshots.

For time lapse imaging animals were anaesthetized by 3mM Levamisole on a 2% agarose pad.
Image J micromanager plugin was used to acquire the time lapse movies. For EM imaging young
adults of unc-16(tb109) and N2 strains were fixed by high pressure freezing (HPF) technique.
Fixation was carried out in Prof David Hall’s laboratory (Albert Einstein College of Medicine,
NY). 30 to 40 serial ultrathin (50-60nm) sections of mid body region were obtained using Leica
Ultramicrotome (Leica EM UC6). Nerve cord region of sections was imaged using Tecnai G* 12

TWIN / BioTWIN TEM microscope. Images were acquired at operating voltage of 60kV.

All the image analysis was done using NIH Image J software (version 1.47, NIH).
Intermitochondrial distance was measured by drawing segmented lines between the two
mitochondria and distance between the two was measured using “measure” option under
Analyze tool bar in Image J. To measure distance in actual units (um) scale bar was set using
camera pixel aspect ratio. Mitochondrial area was measured by adjusting the threshold to cover
precisely the pixels covered by the mitochondria and then measuring the pixels covered using
measure option. Size of the vesicles was determined by encircling the vesicle and measuring its

length.
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2.6. Gentle Touch Assay

Mechanosensation assay was performed on young adult worms. Worms used for
mechanosenastion were grown always in controlled condition of 22°C and were transferred every
alternate day to avoid starvation. 20-30 L4 worms were picked on fresh plates from non starved,
non crowded plates a day before and were assayed the subsequent day (within 12-15 hours post
transfer). Gentle touch was given to the animal by touching them with an eyelash at the
pharyngeal and tail regions respectively. Animals were given alternate ten anterior and ten
posterior touches respectively and response elucidated by the worm for all the twenty touches
was recorded sequentially in the form of positive and negative response. Response was
considered positive when animal responded to the stimuli by moving away from it i.e. when
animal was touched in anterior end it moves backwards whereas, when it was touched in tail
region it moves forward. Effect of interstimulus interval on mechanosensation was assayed by

giving 10 second spacing between first and second touch.

At least three independent trials each with 20-30 worm set were assayed. Percentage response of
individual worm for the ten anterior and ten posterior touches was quantified for each set of trials
Results of all the ten trials were averaged out to represent percentage response for anterior and

posterior touch delivered by different genotypes.

2.7.  Statistical Analysis

Statistical tests for normal distribution (Kolmogorov-Smirnov test, Anderson-Darling and Chi-
Square test) and curve fitting for analysing type of mitochondrial distribution was carried out
using Easy Fit 5.5 Professional Software. Rest all statistical tests, analysis and statistical graphs

were done using MS-Excel.

2.8. Integration Protocol for Extragenic Strains

Approximately 100 (5 worms/plate) young adults were irradiated using UV Stratalinker set at
300yjoules (X100). Half of the worms were incubated at 25°C and other half at 20°C for 2- 3
weeks respectively. Worms were incubated at different temperatures to ease the screening
process so that it can be done at different intervals. 1.5cm x 1.5cm chunks from starved plates
were transferred to fresh plate. 10-15 animals from each master plate were picked onto

individual plates, on the next day. A total of 200-300 such transgenic animals were picked.
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Worms were allowed to self for two generations and then individual plates were screened to

isolate the integrant.
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3. Mitochondrial Density Remains Constant during Development and

Their Distribution is Regulated

3.1. Introduction

All eukaryotic cells are dependent on mitochondria for their survival. Mitochondria are
responsible for carrying out several vital functions like ATP generation, Ca** homeostasis,
generation of free radicals, apoptosis etc. In neuronal cells, positioning and distribution of
mitochondria is even more important as these cells have complex morphology, are functionally
heterogeneous and have high metabolic rate. As neuronal cells are longer, mitochondria needs to
be transported to quite distant regions in axons. Along with this, neuronal regions are also
functionally differentiated, some of which have higher energy needs as compared to other. Some
of the energy intensive processes happening in neurons are firing of action potential, synthesis,
packaging and transport of neurotransmitters, assembly of cytoskeleton elements etc. Apart from
energy generation mitochondria are also involved in neuronal development, maintenance of
synaptic plasticity by producing sufficient ATP and sequestering Ca>" generated during synaptic

transmission, and also neuronal cell death.

As mitochondrial distribution and functioning is extremely important in neuronal cells, therefore
its dysfunction and abnormal dynamics has been reported to be associated with many
neurodegenerative diseases such as Alzheimer, Parkinson, Amyotropic lateral sclerosis etc.
Alzheimer’s disease (AD) has been associated with decreased ATP production, increased
oxidative stress, increased Ca>" uptake, increased mitochondrial autophagy (Maurer et al 2000,
Hirai et al 2001, Hashimoto et al., 2003, Mosconi et al 2008). Amyloid B peptide (AB) plaques
(Goedert et al 2006) which is one of the hallmark of AD and has been reported to be responsible
for causing mitochondrial dysfunction (Keller et al.1997, Manczak et al. 2006). Similarly, in
Parkinson’s disease (PD) decreased activity of mitochondrial complex I has been reported,
decreased complex I activity results in decreased ATP production, increased oxidative stress,
increased Ca*" uptake and mitopathy (Swerdlow et al. 1996, Keeney et al. 2006). Moreover most
of the genes like a-synuclein (Devi et al. 2008), Parkin (Greene et al. 2003), DJ-1(Zhang et al.
2005), PINKI (Yang et al. 2008), which have been reported to be associated with PD are

reported to be linked to mitochondria directly or indirectly. Increased free radical accumulation

40



Chapter 3 — Mitochondrial Density Remains Constant During Development and
Their Distribution is Regulated

(Pedersen et al. 1998), decreased ATP production (von Lewinski et al 2005), disturbed Ca**
buffering (Kruman et al. 1999) has also been reported to be associated with Amyotropic lateral
sclerosis (ALS). Thus the above citations clearly illustrate that disturbed mitochondrial dynamics

is associated with many neurodegenerative diseases.

Mitochondrial biogenesis is known to take place both in the cell body as well as axon (Amiri et
al 2008). Mitochondria are highly dynamic organelle and they are transported from their site of
biogenesis to site of their requirement by motor mediated fast and slow axonal transport. Motor
mediated fast mitochondrial transport on microtubules tracks mainly show two characteristics
that are saltatory and bidirectional movement (Morris et al 1993). In addition only half of the
mitochondria in the axon move with a velocity ranging from 0.3-2.0 pm second ' while the other
half are stationary during the time imaged (Allen et al 1982, Hollenbeck 1996, Ligon et al 2000,
Pilling et al 2006). Moreover, mitochondria can distribute themselves depending on the needs of
the cell. ATP though is a freely diffusible molecule but, both non neuronal (Mechler et al 1981)
and neuronal cells (Gotow et al. 1991, Morris et al 1993) are known to concentrate mitochondria
in regions of high energy needs. Mitochondria are thus found to be more accumulated in the
regions of the axons which have high energy demands like synapses, growth cones, nodes of

Ranvier etc. (Gotow et al. 1991, Morris et al 1993, Li et al 2004).

Mitochondria localization and factors affecting it has been studied using different approaches.
Effect of myelination and demyelination on mitochondrial localization has also been studied
using both in-vitro and in-vivo approaches. Axons of both central nervous system (CNS) and
peripheral nervous system (PNS) are encapsulated by myelin sheath (Hartline et al. 2007).
Myelin is mainly composed of lipids (Gesine et al 2005) and acts as an insulator, thus helping in
increasing the speed of impulse conduction (Hartline 2008). Myelinated axons are organized into
distinct sub domains which are nodes, paranodes, juxtaparanodes and internodes; each of these
distinct regions has its own structural and functional differences (James et al 2008).
Mitochondria localization in these distinct regions has been studied extensively using different
approaches. Histological experiments done using optic nerves of human, rabbit and pig has
demonstrated more mitochondrial activity in unmyelinated regions compared to myelinated
regions (Bristow et al 2002). Using EM imaging studies done on cat ventral and lateral spinal

cord segments it is reported that paranode-node-paranode (PNP) region had high concentration
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of mitochondria whereas highest concentration was observed in nodes of ranvier (Fabricius et al
1993). Another study done by a group using mice small diameter CNS axons (optic nerves and
spinal cord) observed no preferential localization of mitochondria in PNP region (Edgar et al

2008).

Effect of dysmyelination and demyelination on mitochondrial localization has been studied using
different approaches. One such approach was using Shiverer mouse model where CNS axons
were hypomyelinated, it was reported that there was higher mitochondria number and two fold
higher mitochondrial activity in the dysmyelinated axon (Andrews et al 2006). Effect of
demyelination was studied using mice model overexpressing Plp-I(proteolipid protein gene 1). It
was reported that there was higher mitochondria number as well as activity in the demyelinated
optic nerve axons (Hogan et al 2009). Demyelination has also been reported as a cause for some
of the neurological disorders like Multiple Sclerosis (Bjartmar et al 2003). Histology and
biochemical studies done using demyelinated active MS lesions revealed the presence of
enhanced mitochondrial activity as well as increased mitochondrial count in these regions (Dutta
et al 2006, Witte et al 2009). Effect of demyelination and remyelination on mitochondrial
velocity and size was also studied using rat dorsal root ganglion (DRG) culture (Kiryu-Seo et al
2010). It was reported that demyelination, increased the size of axonal stationary mitochondrial
sites by 2.2-fold it also resulted in increased velocity of moving mitochondria which returned to

control levels on remyelination (Kiryu et al 2010).

Apart from structural features like presence or absence of myelin sheath, other aspects like
developmental stage of axon, ATP, cytosolic calcium levels, mitochondrial membrane potential,
presence or absence of neurotransmitters have been reported to effect mitochondria transport and
localization. Studies done using chick embryo neuronal culture have reported that high
concentration of mitochondria was found near the growth cone and when axonal growth was
halted mitochondria got redistributed (Morris et al 1993). Effect of nerve growth factor (NGF)
signaling in mitochondria localization has also been reported. It states that mitochondria tend to

accumulate in vicinity of NGF coated beads (Chada et al 2003, 2004).

Physiological state of mitochondria i.e. its membrane potential has also been reported to govern

mitochondrial movement and distribution. Mitochondrial membrane potential is the thrust for all
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the mitochondrial functions like ATP production (Dimroth et al 2000), Ca* uptake (Komary et al
2010) free radical generation (Suskit et al 2012) and apoptosis (Gautier et al 2000). Apart from
mitochondrial density which is reported to be higher in the growing regions of axon it has also
been reported that these regions have significantly higher membrane potential compared to the
adjacent axonal stretch (Morris et al 1993, Miller et al 2004). Blocking of the axonal growth
using drug treatment has been reported to restore uniform membrane potential in the axonal
stretch (Morris et al 1993). ATP depletion and accumulation of ADP has also been reported as
another factor responsible for halting of mitochondrial and its localization in the ATP depleted

regions (Mironov 2007).

Based on the above discussion, ground state of mitochondria distribution at a particular time
point is a signature of physiological state of a cell. Dynamic balance of fission and fusion has
been reported to regulate mitochondria morphology, length and in turn its distribution and
function (Chan 2006). Fission and fusion events are vital steps for controlling quality and
quantity of mitochondria. Fission helps in segregating mitochondrial contents in the daughter
cells, apart from that it also facilitates removal of damaged mitochondria (mitopathy) and also
leads to apoptosis under extreme circumstances (Chen et al 2009). Similarly, fusion helps in
intermixing of mitochondrial contents like mitochondrial matrix, proteins lipids and

mitochondrial DNA (Westermann 2002).

Very few studies have been done so far to study mitochondrial distribution in axons and how
density of mitochondria changes with axonal elongation. One such study using axonal culture
using chick embryos has demonstrated that mitochondria have a uniform distribution in axons
(Miller et al 2004). They have used individual frames of time lapse movies to locate the position

of mitochondria and uniformity of distribution was reported by carrying out chi-square test.

Another paper by the same group (Toole et al 2008) has also looked at the effect of axonal
elongation on density profile of mitochondria. For the same they have measured axon length of
the medial segmental nerves of Drosophila 1%, 2™ and 3™ instar larval stages. They have also
determined the mitochondrial density in these nerves. Drosophila larval medial segmental nerves
are nerve bundles; proximal terminal and cell body of these nerves is located in the brain region

whereas rest of the axon runs through the larval body and it terminates in the body length. Their
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results reported increase in axon length as well as mitochondrial density with developmental
stages. Trends reported for axon length/mitochondrial density were 468+124um (0.34+0.06
mito/pm), 6314262 pum (0.37+0.05mito/pm) and 963+163um (0.58+0.08mito/um) for 1%, 2™

and 3" instar larval stages respectively.

Another group has also analyzed mitochondrial distribution in growing and halted axons using
chick embryo culture (sympathetic chain ganglion) (Morris et al 1993). They have termed
distribution as uniform based on three statistical tests: linear regression with analysis of variance,
Chi-square and Kolmogorov-Smirnov tests for grouped data. They have termed the distribution
as uniform when it doesn’t show significant difference from uniform distribution by any two
tests at significance level of P < 0.05. As reported earlier they have reported mitochondrial
distribution was skewed in the growing axon with high mitochondrial density in proximity to the
growth cone. Mitochondrial distribution tends to become uniform once the axonal growth was

halted by using chemical inhibitors.

In an attempt to understand how mitochondrion are distributed and is the distribution
developmentally regulated, we have examined the positions of mitochondria in C. elegans touch
neurons. These six neurons are specialized neurons which mediate response to gentle touch and
have larger diameter microtubules (15-Protofilament) (Chalfie et al 1979). We have looked at
mitochondrial distribution in these mechanosensory neurons using the transgenic strain jsIs609.
We have looked at mitochondria number, density and distribution in these mechanosensory
neurons across all developmental stages of C. elegans. Our results show that mitochondria

density and distribution are regulated and maintained throughout development.

3.2. Results

3.2.1. Mitochondria are visualized in the Six Mechanosensory Neurons by Matrix
Targeted GFP in Transgenic Strain jsIs609

In order to visualize mitochondria in mechanosensory neurons, GFP was targeted to the
mitochondrial matrix using the mec-7 touch neuron specific promoter. Transgenic strain jsIs609
(Fig 3.1) was identical to N2 in morphology, viability and behavior such as locomotion and egg

laying.
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In jsIs609 mitochondria were visible as distinct fluorescent puncta along the neuronal process
and in synaptic regions (arrows) (Fig 3.1C-D & F-G). In addition some soluble GFP was also
present along the neuronal process allowing us to visualize it. A mitochondrial network was also

seen in the cell body of both anterior and posterior touch neurons (Fig 3.1E-H)

To establish that the jsIs609 marked nearly all mitochondria in the neuron, we examined two
other transgenic strains. jsIs608, another independent integrant of the same construct showed
identical numbers, morphology and distribution of mitochondria. Further, a touch neuron specific
transgene expressing matrix targeted mRFP showed the identical pattern. A strain harboring both
JjsIs609 and jsIs1073 (from Nonet lab, Washington University, St Louis) showed that identical
structures were marked by both strains (Fig 3.1 I-N). jsIs609 marks nearly all mitochondria was
also confirmed by labeling mitochondria with mitotracker orange in primary C. elegans
embryonic neuronal culture (this work was done by Eva Romero, a former post-doctoral fellow

in the lab).

3.2.2. Mitochondrial Density is Regulated throughout the Development

To visualize, how the number of mitochondria varies during development, we quantified the
number of mitochondria present corresponding to all the developmental stages from L1 to 1 day
adult. We also measured respective axon lengths for all the development stages using Image J. A
population of twenty five worms was assayed per developmental stage for both ALM and PLM

Processces.

Approximately around 3-4 fold increase in number of mitochondria was seen from L1 to 1 day
adult in both ALM and PLM (Table 3.1 and Fig 3.2). Axon length also showed a 4-5 fold
increase with development (Table 3.1 and Fig 3.2). We also quantified the number of
mitochondria present per 100um of axon length in all the developmental stages from L1 to 1 day
adult. We found that mitochondrial density always maintained a number close to 5 mitochondria
per 100um of axon length with standard error (S.E.) < 0.5 in both ALM and PLM for all the
developmental stages (Table 3.1 and Fig 3.2).

We also looked at the ratio of increase in number of mitochondria and increase in axon length
from one developmental stage to another. We found that the increase in mitochondrial number as

well as axon length always maintained a constant proportion throughout the development.
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Results implied that increase in number of mitochondria was proportionate to axonal growth

(Table 3.2).

3.2.3. Distribution is Initiated in Early Developmental Stages and Maintained in the Later
Stages

To study whether a correlation exists between axon length and mitochondria number, we plotted
correlation graph. Axon length was represented on X-axis whereas, position of the mitochondria
on the axon starting from first mitochondria (nearest to the cell body) to the last were represented
on the Y-axis. Correlation graphs were plotted for all the developmental stages. Invariably, the
graphs for all the developmental stages showed positive and linear correlation (y=a + bx; where
“y” is the dependent variable, “x” is independent variable, “a” is the intercept and “b” is the
slope) between axon length and mitochondria number and position. Values of the coefficient of
determination (R?) showed the values ranging from approximately 0.7 for L1 to 0.94 for 1 day
adult. L2 showed value of 0.85 whereas L3 and L4 stages showed the value close to 0.9 (Fig
3.3A-E). Values of R? depicted that in the earlier larval stages (L1 and L2) distribution is being
set-up thus lower value of value of correlation between mitochondria position and axon length.
Whereas, in later stages L3 and above mitochondria distribution has been set-up and is tightly
regulated and maintained. Thus the above results indicate that a constant mitochondrial density is
maintained in the axon throughout the development. This density may be regulated by
physiological and cellular signals such as alteration in calcium concentration or release of

neurotransmitters (Y1i et al. 2004), growth factors such as NGF (Chada et al 2003, 2004), hypoxic
stress (Li et al. 2009) etc.

Mitochondrial density appears tightly regulated and showed linear correlation with axon length.
In an effort to understand mitochondrial distribution more closely we measured and looked at
inter-mitochondrial distance between two consecutive mitochondria. Histograms were plotted for
inter-mitochondrial distance versus frequency fraction of mitochondria for the given ranges for
all the developmental stages. Mitochondria were more closely spaced in early development
stages. Very larger inter-mitochondrial distances were also seen in early developmental stages
but with a lower frequency (Fig 3.4 A-E). Histogram of early developmental stages showed more

spread in the distribution. For a particular mitochondrial position, range of distance where the
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mitochondria was present in the experimental set observed was more wide in early stages

compared to the later ones (Fig 3.3 A -E).

3.2.4. Distribution of Mitochondria is Non-random

To check whether mitochondria are distributed evenly throughout the axon length, we divided
the axon into three equal regions proximal (near cell body), middle region and distal region. We
calculated approximate percentage of mitochondria distributed in all the three regions for
different developmental stages. We observed that approximately 25% of the mitochondrial
population was present in the proximal region in all the developmental stages (L1 to 1 day adult)
while rest 75% was equally divided in middle and distal region (observed in L3, L4 and 1 day
adult). The early developmental stages (L1 and L2) showed most (approx. 45%) accumulation of
mitochondria in the middle region (Table 3.3). Distribution of mitochondria more in middle and
distal region may be attributed to the more energy needs in these regions due to close proximity

of these regions to nerve ring and synapses.

Previous studies done using cultured sympathetic chain ganglia dissected from chick embryo
have reported presence of both skewed and uniform distribution of mitochondria in axons
depending upon the growth state of axon (Morris et al 1993). In this study mitochondria were
labeled with rhodamine 123 and distribution of mitochondria in 100pm vicinity of active growth
cone was studied in the native state as well as when axonal elongation was halted by
cytochalasin treatment. In the former case when axon was growing, distribution was reported to
be skewed as most of the mitochondria were concentrated towards growth cone whereas in later
case when axonal distribution was halted by 1 hour treatment with cytochalasin, distribution was
uniform. To understand whether mitochondria distribution follows a uniform or normal
distribution in our axon of interest we looked at the distribution graphically (by histograms) as
well as through statistical tests. Uniform distribution in statistics, is a distribution in which every
possible result is equally likely i.e. every one of n values has equal probability//n. Whereas,
normal distributions also known as bell shaped distribution are symmetric around their mean.
They have mean, median, and mode equal. Normal distributions are defined by the parameters,
the mean (p) and the standard deviation (o). 68% of the area of a normal distribution is within
one standard deviation of the mean. Approximately 95% of the area of a normal distribution is

within two standard deviations of the mean (Zar 1999).
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For histograms we plotted pooled inter-mitochondrial distance for all the developmental stages in
Y axis against frequency of the respective distances on X-axis and did curve fitting for the same.
Both the histograms for ALM and PLM had closer resemblance to normal distribution than
uniform distribution (Fig 3.5 A-B). To confirm the normal distribution we carried out Chi-
Square, Kolmogorov-Smirnov and Anderson-Darling statistical tests for normal distribution. All
the three tests used were non parametrical. Null hypothesis (Hp) employed for all the three
statistical tests was experimental data is not normally distributed and alternative hypothesis (Ha)
was data is normally distributed. Null hypothesis was rejected and distribution was considered
normal when p value obtained was P < 0.05. We termed the distribution as normal when null

hypothesis was rejected by any two statistical tests at 95% confidence interval.

Chi-square test of goodness of fit is based on probability distribution function and this test
calculates the difference between the observed (experimental) and expected distribution (Kvam
et al 2007). Sum of squares of difference between experimental distribution data set and
expected data was divided with expected frequency to obtain the Chi-square value. Kolmogorov-
Smirnov (K-S) test uses the cumulative distribution function and compares the theoretical
cumulative frequency data set with the experimental cumulative frequency data set (Kvam et al
2007). K-S test is reported as more powerful than Chi-square test and sample size is not a
limiting factor for K-S test. Anderson Darling test is a modification of K-S test and gives more

value to the tails and hence is considered better than K-S test (Kvam et al 2007).

When all the inter-mitochondrial distances were used to carry out statistical tests, it failed in all
the above three tests both for ALM and PLM. This suggested that the distribution was not
normal (Table 3.4 A and B). ALM and PLM in totality showed best fit for Generalized Gamma
distribution (4P) and generalized extreme value distribution respectively. Statistical tests were
also performed for proximal, distal and middle regions separately for pooled data set for all
developmental stages for both ALM and PLM processes. When the individual regions were
taken separately, most of the tests accepted alternate hypothesis and rejected the null hypothesis
(Table 3.4 A&B) at P<0.05, thus implying individual regions in both ALM and PLM fits a

normal distribution.
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As per the above results each individual regions of the axons (proximal, middle and distal) have
their own set of distribution pattern which complied with normal distribution and distribution in
no case was random. To confirm that the above set of distribution has not appeared by chance,
we carried out simulations for the data set which was done with the help of a post-doctoral
fellow (Dr Sudip Mondal) in the laboratory. The simulation took a 400um neuronal process
length in which 20 mitochondria were placed randomly after which inter mitochondrial intervals
were plotted. All the simulation graphs show an exponential decay in inter-mitochondrial
intervals (Fig 3.6 A-B). Compared to experimental data which had only 2-3% of mitochondria
less than 3um inter-mitochondrial distance apart, simulation graphs had a value of 14% and
above. This suggests that a regulatory process reduces the probability of two mitochondria from
being placed close to each other in vivo. All the simulated histograms were different from our

experimental graph, thus confirming that distribution of mitochondria in jsZs609 is non-random.

To determine whether it is the size as opposed to the number of mitochondria that co-relate with
the length of the neuronal process, we measured the pixels covered by each mitochondrion for
the different developmental stages (Fig 3.7). We found that average area of the mitochondria was
least in L1 stage (O.32um2) and most in L2 (O.61pm2). L3, L4 and 1 day adult animals showed
progressive increase in mitochondrial area with values corresponding to 0.48, 0.54 and 0.57um’
respectively for the ALM processes (Table 3.5). When we looked at average area of the
mitochondria in proximal, middle and distal regions of the axon we found that proximal region
has the smallest mitochondria (Table 3.6). Above result are in conformance with the live imaging
data from our lab where higher flux was observed in the proximal region compared to distal
region (work done by Jyoti Dubey) as well as reported results which states that stationary
mitochondria shows higher area as compared to the moving mitochondria which were found to
be smaller (Miller et al 2004). We tried correlating the area occupied by mitochondria with axon
length. Similar to mitochondria number which showed a constant number per 100 um of axon
length in different developmental stages area covered by mitochondria per 100 pm of axon
length also maintained a value in a specific range. It showed a value of 2.5 to 3 pm* for ALM
processes and 2 to 2.5 pm® for PLM processes (Table 3.5). Above results thus imply that
mitochondria density, distribution as well as size is tightly regulated in the axon to take care of

the axonal functions.
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3.2.5. Growth in Length of Neuronal Process and Mitochondria Distribution is
Proportionate to Body Length of the Organism

Our findings show that numbers of mitochondria present are proportionate to the length of the
neuronal process. To confirm the above findings, we used mutants which alter the length of the
animal presuming it will alter length of the neuron as well. We wanted to analyze whether body
length of organism will show proportionate effect on mitochondria number and axon length as
well. To check this we analyzed two different mutant strains of C. elegans which had mutation in
the set of genes which affects body length of the worm making them long (abbreviated as lon) or

making them shorter than wild type/dumpy (abbreviated as dpy).

We looked at lon-2(e678) animals; lon-2 activity is required in regulation of the DBL-1/BMP
signaling pathway which regulates body length (Gumienny et al 2007). For the shorter/dumpy
allele we looked at dpy-6(el4) strain. Dpy-6 encodes a novel protein which is required for normal
body morphology (Simmer et al 2003). Both /lon-2(e678) and dpy-6(el4) animals had
significantly different length from wild type (Fig 3.8 and Table 3.7). ALM axon length of 1 day
adult for both lon-2(e678) and dpy-6(el4) were significantly different from wild type with values
respectively 484.12+16.3(lon-2), 236.29+£8.80 (dpy-6) and 406.11+£5.88 (jsls609) (Table 3.7).
PLM also showed the similar trend. Numbers of mitochondria observed in ALM and PLM
processes of both the strains were proportionate to their respective axon lengths. Number of
mitochondria observed per 100pm of axon length was similar to js/s609 with value approx.

around 5 mitochondria/100pum of axon (Table 3.8).

To check whether increase in axon length and mitochondria number with development in these
strains was comparable to wild type, we quantified L4 larval stage for number and axon length
and compared it with the adult data set. We found that in both /on-2 and dpy-6 strains, growth in
axon length and increase in mitochondria number with development was comparable to wild

type (Table 3.9).

3.3. Discussion

As per the above observations, using three different approaches it is confirmed that our reporter
strain jsIs609 labels all the mitochondria and is ideal to study mitochondrial dynamics in touch

neurons. Mitochondria number per unit length remains conserved throughout the development.
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Distribution of mitochondria in different developmental stages signified that distribution is

initiated in the early developmental stages and is regulated and maintained in the later stages.

Maintenance of constant number of mitochondria per unit axon length throughout the
development implies a complex array of molecular, cellular and physiological signals must be
interplaying role in regulating this distribution. Positioning of mitochondria in the axonal
segment should be such that it is able to support local ATP needs, Ca>" buffering, scavenge free
radicals, apoptosis etc. Apart from maintaining the constant density in the neuronal process
mitochondrial distribution was also observed to be very well organized, thus depicting regulatory
mechanism must be in hold which prevented two mitochondria from being placed in too close
proximity nor too distally. Maintenance of constant density and regulated distribution signifies
that this constant pool per unit axon length was sufficient to take care of all the mitochondrial

functions like ATP production, Ca>" buffering etc in the localized region.

Furthermore, average area of the mitochondria as well as area occupied by mitochondria per unit
axon length was also found to be constantly maintained throughout the development. Results
implied that signaling process is in hold throughout development which is maintaining
distribution, moreover not only position, size is also well regulated and maintained. This implied
that only properly sized mitochondria are transported from the neuronal cell body and in the

axon the properly sized mitochondria are maintained by interplay of fission/fusion events.

Moreover different regions of the axon i.e. proximal, middle and distal regions also tend to show
their own subset of distinctive distribution patterns. Out of the three regions, proximal region
tend to show the lowest percentage (25%) of mitochondria whereas rest of the mitochondria were
found to be uniformly distributed between middle and distal regions. Higher percentage of
mitochondria in middle and distal regions may be presumed due to close proximity of these
regions with synaptic areas. To meet the sudden need of mitochondria in these regions,
mitochondria are stationed in the vicinity so that they can be quickly transported when required.
Thus to overcome time delay in the event of sudden need, may be, more mitochondria’s are
recruited in these regions. Moreover average mitochondrial area was lowest in proximal region
as compared to middle and distal regions. It has been reported that moving mitochondria are

smaller as compared to the stationary mitochondria. So, the presence of smaller mitochondria in
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proximal region may be due to the presence of larger pool of mobile mitochondria which are

being transported both in anterograde and retrograde directions.
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Figure 3.1: GFP labels all the mitochondria in js/s609 mechanosensory neurons

(A) Representative diagram showing six mechanosensory neurons. Green dots represent mitochondria.

(B) Reconstructed image of young adult worm representing ALM and PLM processes.

C), D) and E) Represents axon, nerve ring and cell body respectively of ALM.

F), G) and H) Represents axon, ventral synapse and cell body respectively of PLM

1), J), K), L), M) and N) Represents co-localization between GFP and mRFP targeted mitochondria.

I) and L) Represents co-localization in axonal region

J) and M) Represents co-localization in ventral synapse

K) and N) Represents co-localization in cell body region. Arrow heads represent mitochondria. Scale bar 10pm.
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Table 3.1
Av. Mito. Av. Mito.

Av. No. of Av. Axon No./100pm Av. No. of Av. Axon No./100pm

Larval mitochondria  length of of ALM mitochondria length of of PLM
Stages in ALM ALM(um)  Axon length in PLM PLM(um)  Axon length

L1 6.3+0.3 117.4£1.6 5.4+0.3 5.9+0.3 104.8+£2.0 5.6+0.3

L2 9.1+0.5 179.6+2.7 5.0+0.2 9.3+0.4 184.943.3 5.0£0.2

L3 12.9+0.4 252.1+4.2 5.1+0.1 14.0+0.4 285.5+4.7 4.9+0.2

L4 14.6+0.4 297.9+3.4 4.9+0.1 16.9+£0.6 361.4+4.6 4.7+0.1

1 day adult 19.1+0.5 406.1+5.9 4.7+0.1 25.3x1.0 507.2+8.1 5.0+0.1

Table 3.1 Quantitation of average number of mitochondria and axon length with development.
Data is represented as mean+SEM. ALM and PLM processes of 25-30 animals were used for analysis.

A B
30 - 30 - =Ll
25 - 25 - I L2
20 - . 20 - =3
15 - 15 4 ml4
10 - i} ' 10 - - I 1 day adult
ol & | B ST N (AT
No. of Normalised # ALM(mito. No. of Normalised # PLM(mito.
mitochondria/worm in No./100um of axon mitochondria/worm in No./100um of axon
ALM length) PLM length)

Figure 3.2 (A-B) Graph showing increase in mitochondria number with development in ALM and
PLM processes
Normalised number of mitochondria per 100um of axon length is also represented. Data is represented as
meantSEM. ALM and PLM processes of 25-30 animals were used for analysis.

Table 3.2
Fold increase in Fold Fold increase Fold
ALM increase in in PLM increase in
Av. No. of mitochondria Av. Axon ALMaxon  Av.No.of  mitochondria Ay Axon PLM axon
Larval mitochondria no. with length of length with mitochondr no. with length of length with
Stages in ALM development ALM(um) development  iain PLM development PLM(um)  development
L1 6.3+0.3 NA 117.4+1.6 NA 5.9+0.3 NA 104.8+2.0 NA
L2 9.1+0.5 1.4 179.6+2.7 1.5 9.3+0.4 1.6 184.9+£3.3 1.8
L3 12.9+0.4 1.4 252.1+4.2 1.4 14.0+0.4 1.5 285.5+4.7 1.5
L4 14.6+£0.4 1.2 297.9+3.4 1.2 16.9+£0.6 1.2 361.4+4.6 1.3
1 DA 19.1+0.5 1.3 406.1+£5.9 1.4 25.3+1.0 1.5 507.2+8.1 1.4

Table 3.2 Fold change in mitochondria number and axon length with development.
Data is represented as mean+SEM. ALM and PLM processes of 25-30 animals were used for analysis.
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Figure 3.3 (A-E) Regression graphs representing axon length versus mitochondrial position for all
the developmental stages

Y-axis represents axon length (um); X-axis represents position of mitochondria in axon starting from first
mitochondria near the cell body. Correlation equation “Y=a +bx” where “Y” is dependent variable, “x” is
independent variable “a” is the intercept and “b” is the slope. Value of coefficient for correlation R is also
represented on the graph. Every position of mitochondria represented on the graph represents position points for 25

animals analyzed for every developmental stage.
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Figure 3.4 (A-E) Represents range of intermitochondrial distances and percentage of mitochondria
present in the corresponding range for ALM and PLM processes for all the developmental stages

Percentage of mitochondria present in a particular range is represented as “Frequency fraction in %” in Y-axis.
Range of intermitochondrial distance is represented on X-axis. Total of 25 animals were assayed for each
developmental stage and all intermitochondrial distances for a set of 25 animals were used for making the plots.

Table 3.3
ALM mitochondrial density (%) PLM mitochondrial density (%)
Proximal Proximal

region(near Middle Distal region(near Middle Distal

Larval Stages  Cell body) region region Cell body) region region
L1 27.742.6 39.6+£2.4 32.842.8 21.0+£2.7 36.9£3.4 42.1£3.0
L2 22.2+1.8 35.1£2.2 42.842.1 28.8+2.0 40.0+1.8 31.2+1.8
L3 24.5+1.8 34.0+1.2 41.5£1.6 34.6+1.3 35.8+1.2 29.5+1.0
L4 23.6+1.4 34.4+1.4 41.9+1.3 34.6+1.3 37.4+1.4 28.0+1.1
1 day adult 24.6+1.0 34.7+1.1 40.7+0.9 36.3+1.1 34.1+1.1 29.6+1.2

Table 3.3 Density of mitochondria in proximal, middle and distal region of axon in ALM and PLM
processes for all the developmental stages

Density is expressed as average percentage+SEM. Proximal, middle and distal regions are demarcated by dividing
the axon into three equal parts according to the axon length. Proximal region is the region near cell body.
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Figure 3.5 (A-B) Histogram showing curve fitting for uniform and normal distribution for ALM
(A) and PLM (B) processes
Y-axis represents probability density; X-axis represents intermitochondrial distance range.

Kolmogorov-Smirnov test Anderson-Darling test Chi-Square test
Confidence Interval— 0.05 0.02 0.01 0.05 0.02 0.01 0.05 0.02 0.01
All mitochondria Reject | Reject | Reject | Reject | Reject | Reject | Reject | Reject | Reject

Only proximal mitochondria | Reject | Accept | Accept | Accept | Accept | Accept | Accept | Accept | Accept

Only middle mitochondria | Accept | Accept | Accept | Accept | Accept | Accept | Accept | Accept | Accept

Only distal mitochondria Reject | Accept | Accept | Accept | Accept | Accept | Reject | Accept | Accept

Table 3.4 (A) Statistical tests for Normal distribution for ALM processes

Kolmogorov-Smirnov test Anderson-Darling test Chi-Square test
Confidence Interval— 0.05 0.02 0.01 0.05 0.02 0.01 0.05 0.02 0.01
All mitochondria Reject | Reject | Reject | Reject | Reject | Reject | Reject | Reject | Reject

Only proximal mitochondria | Reject | Accept | Accept | Reject | Accept | Accept | Accept | Accept | Accept

Only middle mitochondria | Accept | Accept | Accept | Reject | Reject | Accept | Accept | Accept | Accept

Only distal mitochondria Accept | Accept | Accept | Reject | Accept | Accept | Accept | Accept | Accept

Table 3.4 B Statistical tests for Normal distribution for PLM processes

Table 3.4 (A-B) Results of Kolmogorov-Smirnov, Anderson-Darling and Chi-Square test for
intermitochondrial distance data
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Kolmogorov-Smirnov, Anderson-Darling and Chi-Square test were conducted on mitochondrial distribution data for
the entire axon data set as well as proximal, middle and distal regions of the axon taken separately. Statistical tests
were carried out for both ALM (Table 3.4 A) and PLM (Table 3.4 B) processes. Tests were carried out for 0.01, 0.02
and 0.05 confidence interval. Accept refers to when test complies with the alternate hypothesis tested. Alternate
hypothesis is data set follows a normal distribution whereas; null hypothesis is the experimental data set follows a
non normal distribution. “Accept” refers when alternate hypothesis is accepted and the test complies with normal
distribution, “Reject” refers to vice-versa.
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Figure 3.6 (A-B) Represents experimental (A) and simulated (B) histograms for intermitochondrial
distance data set

Y-axis represents frequency fraction expressed in percentage for the data set while X-axis represents
intermitochondrial distance range with 3um interval range. For experimental histogram (3.5 A) intermitochondrial
distance experimental data set of twenty five young adult animals was pooled together and histograms were plotted.
Simulation histogram (3.5 B) was plotted by simulated axon using the experimental parameters of 400pm axon
length and 20 mitochondria as the average number of mitochondria present in the axon. 25 axons were simulated
using the above parameters where these 20 mitochondria were allowed to align randomly and the intermitochondrial
distance obtained was measured.
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Figure 3.7 (A-B) Represents average area occupied by mitochondria measured in square pixels in
different developmental stages in ALM and PLM processes.

Data is represented as mean+SEM. All the mitochondria present in 25-30 animals imaged were used for area
calculation.
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Table 3.5
ALM PLM
Area (um®) occupied Area (um®) occupied
by Av. Area by
Developmental Av. Area (um®)  mitochondria/100pum (um?) of mitochondria/100pum
Stages of mitochondria of axon length mitochondria of axon length
L1 0.32+0.01 1.69+0.13 0.294+0.015 1.724+0.15
L2 0.61+0.02 2.99+0.22 0.47+0.015 2.38+0.1

L3 0.48+0.01 2.422+0.09 0.48+0.011 2.324+0.07

L4 0.54+0.02 2.69+0.09 0.37+0.011 1.66+0.07

1 Day adult 0.57+0.01 2.64+0.09 0.40+0.016 1.854+0.16

Table 3.5 Analysis of average area (um”) of mitochondria for all the developmental stages for ALM
and PLM processes.

Data is represented as meantSEM. Area occupied by mitochondria/100 um of axon length is also tabulated.

Table 3.6

Average area of mitochondria in pm?2

Proximal Middle Distal
L3 0.43£0.08 0.50+0.04 0.51+0.04
L4 0.51+0.03 0.58+0.06 0.58+0.03
1 day adult 0.46+0.03 0.64+0.05 0.69+0.09

Table 3.6 Comparative analysis of average mitochondrial area in proximal, middle and distal
regions of axons in L3, L4 and 1 day adult animals for ALM process.

Area represented as mean+SEM.
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(A).dpy-6(el =

(B) jsIs609

(C) lon-2(e678)

(E) jsIs609

(F) lon-2(678)

Figure 3.8 (A-F) Represents reconstructed images of touch neurons of jsIs609, lon-2(e678) and dpy-
6(el4) respectively

A, B and C represents reconstructed ALM; D, E and F represents reconstructed PLM of dpy-6(el4), jsIs609 and lon-
2(e678) respectively. Scale bar is 100um. Images are constrained in proportion to their body length for
representation.

Table 3.7
Percentage change

Strains in ALM axon Percentage change
characterized (1 day  Av. Axon length of length comparedto ~ Av. Axon length in PLM axon length
adult) ALM(pm) Jsls609 of PLM(um) compared to jsls609
Jsls609 406.11+5.88 NA 507.22+8.09 NA
dpy-6(el4) 236.29+8.80 42% | 307.94+7.42 40% |
lon-2(e678) 484.12+16.31 19% 1 606.55+15.7 20% 1

Table 3.7 Comparative table for axon length for jsIs609, lon-2(e678) and dpy-6(el4) strains.

Data is represented as mean+SEM. Data set for 25-30 animals per strain was used for analysis.
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Table 3.8
Av. Mito. Av. Mito.

Strains Av. No. of Av. Axon No./100pm of  Av. No. of Av. Axon No./100pm of
characterized (1 mitochondria in length of ALM Axon  mitochondria length of PLM Axon
day adult) ALM ALM(um) length in PLM PLM(um) length
Jsls609 18.9+0.51 406.11£5.88 4.69+0.11 25.53+1.07  507.22+8.09 5.04+0.16
dpy-6(el4) 13.29£1.06 236.29+8.80 5.64+0.43 15.86+£0.86  307.94+7.42 5.15+0.26
lon-2(e78) 25+1.01 484.12+16.31 5.25+0.34 30.4+2.06  606.55+15.7 5.01+0.30

Table 3.8 Comparison of axon length and normalised data for jsIs609, lon-2(e678) and dpy-6(el4).

Data is represented as mean+SEM. Data set for 25-30 animals per strain was used for analysis.

Table 3.9 A
Fold
Av. No. of Fold change in Av. Axon Av. Axon change in
Av. No. of mitochondria mitochondria length of length of axon length
Strains mitochondria in ALM (1 no. from L4 to ALM(pm) in ALM(um) 1 from L4 to
characterized in ALM (L4) day adult) Adult L4 day adult adult
Jsls609 15+0.45 18.9+0.51 1.26 295.28+3.46 406.11+5.88 1.38
dpy-6(el4) 10.73+0.30 13.29+1.06 1.24 187.69+2.91 236.29+8.80 1.26
lon-2(e78) 16.76+0.83 25+1.01 1.47 330.71+8.20 484.12+16.31 1.46
Table 3.9 B
Av.No.of  Fold changein  Av. Axon Av. Axon Fold change
Av.No. of  mitochondria  mitochondria length of length of in axon
mitochondria in PLM ( 1 no. fromL4to PLM(um)in PLM(um) 1 length from
Strains in PLM (L4) day adult) Adult L4 day adult L4 to adult
JjsIs609 17.44+0.57 25.53+1.07 1.46 362.69£3.98  507.22+8.09 1.4
dpy-6(el4) 12.91+0.49 15.86+0.86 1.23 221.40+4.65 307.94+7.42 1.4
lon-2(e78) 19.62+0.58 30.4+2.06 1.54 382.45+£9.56  606.55+15.7 1.58

Table 3.9 (A-B) Statistics of fold increase in mitochondria number and axon length with
development in jsIs609, lon-2(e678) and dpy-6(el4) strains for ALM (A) and PLM (B) processes.

Data is represented as mean+SEM. Data set for 25-30 animals per strain was used for analysis.
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4. Factors Effecting Number and Distribution of Mitochondria in

C.elegans Touch Neurons

4.1. Introduction

In the last chapter, we observed that mitochondrial distribution in the axons was non random and
is maintained throughout the development. In an attempt to look at factors which would govern
mitochondria distribution in these specialized touch neurons; we looked at all the probable
factors which may directly or indirectly influence mitochondrial positioning in these neurons.
The factors were broadly classified into five categories to evaluate their effect on mitochondrial

number and distribution:

1) Factors effecting entry and exit of mitochondria

2) Anchoring factors

3) Dynamics of mitochondria

4) Touch cell function and

5) Mitochondrial function
Mitochondria are highly dynamic organelles and their biogenesis has been reported to take place
both in the cell body as well as axon (Amiri et al 2008). Mitochondria undergo both fast and
slow axonal transport. Long distance fast axonal transport of mitochondria on the microtubule
tracks which have their plus end directed distally takes place with the aid of molecular motors.
Kinesin-I is the anterograde motor and dynein is the retrograde motor. Mutants of Kinesin-I in
Drosophila motor neurons as well as in non neuronal cells have resulted in altered mitochondrial
transport and distribution (Pilling et al 2006, Tanaka et al 1998). In addition to Kinesin-I, a
kinesin-3 family member has also been reported to interact with mitochondria (Tanaka et al
1998). Using similar approaches of motor inhibition using mutant study (Pilling et al 2006) and
microinjection using anti-DIC (Dynein intermediate chain) antibody (Varadi et al 2004) dynein
has been reported as the major retrograde motor (Varadi et al 2004, Pilling et al 2006). Both
these anterograde and retrograde motors are vital components to control influx and efflux of
mitochondria in the axon. We looked at effect of both of these motors on mitochondrial number

and distribution in neurons of our study.
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Axonal cytoskeleton is a very important factor which provides framework for transport and
anchoring / docking of vital organelles. Microtubules and actin cytoskeleton both have been
reported as the critical players for mitochondrial transport in axons (Yaffe et al 1996, Ligon et al
2000). It has been proposed that long range axonal transport takes place on the microtubule
skeleton with the help of microtubule based motors whereas short distance transport takes place

on actin cytoskeleton by myosin motor (Langford 1995).

Microtubules have been implicated to be involved in organelle movement and distribution from a
long time (Bikle et al 1966, Smith et al 1975, Smith et al 1977). Apart from mitochondria,
microtubules are known to regulate distribution of many other organelles like golgi apparatus
(Thyberg et al 1985), endoplasmic reticulum (Terasaki et al 1994) and lysosomes (Collot et al
1984). Stability of microtubule has also been reported to effect organelle biogenesis as well as
morphology. Different approaches like electron microscopy, labeling mitochondria with

rhodamine and microtubule destabilizing drugs have been used to visualize the above effects.

Electron microscopic study using neuronal culture has shown the most important evidence for
association of mitochondria with microtubules (Smith et al 1975, 1977). Initial experiments done
by labeling mitochondria with rhodamine 123 in fibroma cells have shown correlation between
mitochondria and microtubules or intermediate filament (Summerhayes et al 1983). Another
study done using triple immunofluorescence in fibroblast culture has reported that mitochondria
are associated with microtubules and not with intermediate filament (Ball et al 1982). They have
also reported that many mitochondria are co-distributed with microtubules and there may be
some chemical links between mitochondria and microtubule. It has also been reported that
depolymerization of microtubules by chemical agents leads to altered mitochondrial distribution

(Heggeness et al 1978).

Another study done using Yeast (Schizosaccharomyces pombe) temperature sensitive alpha and
beta tubulin mutants has reported presence of aggregated and asymmetric mitochondrial
distribution when grown in non permissive conditions (Yaffe et al 1996). It has also been
reported in yeast that mitochondrial distribution and movement is solely microtubule dependent
and motor doesn’t play any role, this has been proved by using deletion of Kinesin (Klp3p)
(Yaffe et al 1996, Brazer et al 2000). Mitochondria are anchored to microtubules and not

molecular motors, this has been shown by use of electron microscopy/tomography, double
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staining and incubating these cells with microtubule depolymerizing drugs such as nocodazole
(Tanaka et al 1998, Yaffe et al 2003). Microtubule depolymerizing drugs have been reported to
result in diffused and random spread of these mitochondria. Apart from regulating distribution
and movement of mitochondria, microtubules have been reported to regulate mitochondrial
biogenesis and chemical depolymerization of microtubules have been reported to effect

mitochondrial volume / mass during cell cycle interphase (Karbowski et al 2000).

Six touch neurons of our study has specialized 15-protofilament microtubules which are
necessary for responding to the gentle touch and absence of the same results in touch
insensitivity (Chalfie 1982, Chalfie et al 1982). These specialized 15-protofilament
microtubulues are comprised of MEC-7(B-tubulin) and MEC-12(a-tubulin) tubulins (Savage et
al. 1989, Fukushige et al. 1999). Loss of function mutants of mec-7 or mec-12 genes resulted in
replacement of 15-protofilament microtubules by 11-protofilaments (Savage et al 1989). Along
with touch insensitivity these worms have been reported to exhibit axonal transport and synaptic
defects (Bountas et al 2009). Depolymerizing microtubules using 1mM colchicines also results

in touch insensitivity (Chalfie et al 1982).

Genetic screen for touch insensitivity has resulted in finding of mutants for both o and pB-tubulin.
o and pB-tubulin mutants were touch insensitive and in them longer 15-protofilament
microtubules were replaced by shorter 11-protofilaments (Chalfie et al 1982, Savage et al 1989).
Mutants of both a and B-tubulins resulted in decrease in mechanoreceptor current (MRC) as well
as its peak amplitude (Bountas et al 2009). MEC-12 has been reported as the only acetylated
tubulin present in C. elegans. In MEC-12, acetylated lysine is present at position 40; this lysine
residue has been reported as vital in generating specialized 15-protofilament microtubule.
Mutation in mec-12 thus has been reported to results in touch insensitivity (Cueva et al 2012).
We looked at mutants of both alpha and beta tubulin to see what effect they have on

mitochondrial localization and distribution.

Mitochondrial fission and fusion are important events for quality control of mitochondria
enabling them to maintain their structural and functional dynamics. Outer and inner membrane
fusion genes present in C. elegans are fzo-1 and eat-3 which are homologues of fzol/mfnl, 2

and mgml/opal respectively (Kanazawa et al. 2008, Ichishita et al. 2008). Fission protein
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present in C. elegans is DRP-1 (Labrousse et al 1999, Jagasia et al 2005). Fis/ homologues
present in C. elegans are fis] and fis2, but no homologues of mdvi/caf4 is present (David et al
2008). Mutants of fzo-1, eat-3 as well as drp-1 have been reported to show defect in
mitochondrial morphology, as well as reduced brood size and high rate of embryonic lethality
(David et al 2008). Interplay of these fission and fusion process results in maintaining a pool of
active mitochondria which could take care of vital activities for the cell. Inhibiting fusion-fission
process thus should lead to disrupted mitochondrial dynamics thus disturbing mitochondrial
distribution. We looked at the effect of both fusion and fission genes eat-3 and drp-1 on

mitochondria distribution in six touch neurons of our study.

Touch receptor neuron (TRN’s) channel of C. elegans is made up of pore-forming subunit and
auxiliary subunits. Pore forming subunit is made up of two proteins MEC-4 and MEC-10 which
are also known as DEG/ENaC. Two proteins MEC -2 and MEC -6 forms the auxiliary subunit
which interacts with MEC -4 and MEC -10 and increase channel activity (O’Hagan et al. 2005).
MEC -4 and MEC -10 have been reported to have both physical and genetic interaction (Huang
et al 1994, Gu et al 1996). It has been proposed that both MEC -4 and MEC -10 form a
heterotetrameric complex (Huang et al 1994, Gu et al 1996).

MEC -2 has been reported as a connecting link which connects microtubule cell with the channel
complex. There are both genetic and biochemical evidences which prove the interaction of MEC-
2 with microtubule cytoskeleton (MEC-7/MEC-12) and DEG/ENaC channel (MEC-4/MEC-10).
Using MEC-2::LacZ fusion protein it was reported that MEC -2 was distributed in the six touch
receptor neurons. The N-terminus of MEC -2 was sufficient for MEC -2 distributions in the axon
(Huang et al 1995). It was also reported that presence of 15-protofilament microtubules was

important for MEC-2 distribution (Huang et al 1995).

Interaction between MEC-2 and MEC-4 has been proposed based on puncta co-localization
observed between MEC-2 and MEC-4 YFP (Shifang et al 2004) as well as co-
immunoprecipitation observed between MEC-2 and MEC-4 in Xenopus oocyte and CHO cell
(Goodman et al 2002). It has also been proposed that TRN channels interact with 15-pf
microtubules and displacement of microtubules plays a role in channel opening (Huang et al

1994, Gu et al. 1996). As intact touch channel complex as well as cytoskeleton is essential for
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elucidating normal touch response we reasoned that any effect, affecting functioning of touch
receptor neuron may also contribute in mitochondrial distribution. We looked at mutants of mec-

4, mec-2 and mec-10 to see their effects on number and distribution of mitochondria.

ATP production and calcium buffering are two main prime functions of mitochondria. Impairing
these vital mitochondrial functions should ideally result in altering its positioning and
distribution. It has also been reported that Ca*" levels play a vital role in movement, halting and
positioning of mitochondria in axons and dendrites (Saotome et al 2008, Wang et al 2009). Miro
which is a mitochondrial GTPase present on the outer mitochondrial membrane has been
reported to be a calcium sensor through its EF hands. Binding of calcium to the EF hands is
responsible for detaching of mitochondria from the motor complex and in turn results in halting
of mitochondria (Saotome et al 2008, Wang et al 2009, Macaskill et al 2009). It has also been
reported that in the touch neurons, gentle touch response results in MEC channel dependent rise
in intracellular calcium (Bianchi 2007). As Ca®" has been reported to be involved in controlling
mitochondrial positioning as well as in functioning of touch neurons of our study, we looked at
how altering the calcium levels will effect mitochondrial number and distribution in theses touch

neurons.

Microtubules show dynamic instability (Mitchison et al 1984 a, b) and this is controlled by many
factors including MAP’s (Microtubule associated proteins) (Hirokawa 1994). Plus end tracking
proteins (+TIPs) are MAPs which are associated with microtubule growing end (Lansbergen et al
2006, Akhnamova et al 2008). EB-1 has been known as one of the key members of +TIPs and
has been known to play a vital role in regulating microtubule dynamicity (Vitre et al 2008,
Rogers et al 2002). As mitochondria are positioned on microtubule track, we also reasoned
whether mitochondrial positioning has selectivity to certain regions of microtubules as compared
to other. To study this we looked at the presence of mitochondria at the growing ends of

microtubules.

In this chapter effect of all the probable factors which includes motors, cytoskeleton,
mitochondrial dynamics, neuronal function and mitochondrial function has been studied to see
their effect on mitochondrial number and distribution. Degree of overlap between the listed
factors and probable reasons for the same has also been described. We also tried to answer

whether mitochondria shows positional selectivity to certain regions of microtubules.
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4.2. Results

4.2.1. Mitochondria Number in Axon is Altered in Motor Mutants but Distribution is not
Effected

As kinesin-I and dynein are the primary motors responsible for mitochondrial transport on the
microtubule cytoskeleton; we tried looking at the effect of mutation in kinesin-I and dynein
components on mitochondrial number and distribution. Kinesin-I is made up of two heavy and
two light chains, heavy chain control the motor activity whereas light chain is responsible for
cargo binding (Alexander et al 2009). We looked at mutants of both Kinesin-I heavy and light
chain. Kinesin-I heavy chain ortholog found in C. elegans is known as unc-116, whereas
kinesin light chain is encoded by klc-2. We looked at hypomorphic alleles of Kinesin-1 heavy
chain and light chains which were respectively unc-116(e2310) and kic-2(kml1). Mutants of
both kinesin heavy and light chains showed reduced number of mitochondria in ALM and PLM
process as the anterograde transport was effected (Fig 4.1 and Table 4.1).

Cytoplasmic dynein motor has a complex structure comprising of two heavy chains, several
intermediate chain, intermediate light chain and light chain (Milisav 1998, King 2000). Dynein is
an ATP dependent motor and its heavy chain is responsible for propelling the motor (Asai et al
2001). Cytoplasmic dynein heavy chain homolog is encoded by dhc-1 in C.elegans; we looked
at mutants of dynein heavy chain: dhc-1(or195) and dhc-1(js319) both of which has point
mutation resulting in missense mutation and splice site generation respectively. Dynein mutant
dhc-1(js319) and dhc-1(or195) both showed average mitochondria number closer to the wild
type (approx 5mito/100um of axon) both in ALM and PLM (Fig 4.1 and Table 4.1). As the
retrograde transport is affected, the expected number of mitochondria should be more as
compared to the control. It has been reported that axonal transport shows biasness towards
anterograde direction (Pilling et al 2006). Biasness observed towards anterograde transport may
be the probable reason accounting for the mitochondrial number similar to the wild type. It has
been reported in Drosophila motor axons that 29% of mitochondria move anterograde, 14%
retrograde and rest are stationary so the number of retrograde moving mitochondria would be too

small to be detected as a significant difference in the number of mitochondria.

We also looked at how mitochondrion was distributed in these motor mutants. To analyze the

same, we looked at how mitochondria was distributed in these mutants in different regions of the
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axon and plotted the histogram for inter-mitochondrial distance. Distribution histograms of
kinesin-I mutants unc-116(e2310) and klc-2(km11) were similar to wild type though frequency of
mitochondria with larger inter-mitochondrial distance were more prevalent. This can be
accounted due to lesser number of mitochondria in these strains (Fig 4.2). Dynein mutant’s js3/9
and or195 both showed histogram quite similar to wild type where mitochondria were neither too
closely placed nor too distantly located (Fig 4.2). Histogram of the motor mutants thus showed

that distribution is regulated and mitochondria are evenly spaced.

Distribution of mitochondria in different regions of axons proximal, middle and distal region in
both dynein and kinesin-I mutants was quite similar to wild type with larger percentage of
mitochondria in the distal region of axon in ALM process and higher percentage in proximal
region in PLM process (Table 4.2). Percentage of mitochondria which was too closely spaced or
aggregated in these mutants (<3um) was also found to be below 5% (Table 4.2). Both ALM and
PLM showed similar trend in the results though the consistency in the effect was more prominent
in ALM. As per the above results, altering of anterograde motor kinesin affected the number of
mitochondria in the axons but mutation in motor didn’t show the effect on the distribution of

mitochondria (Table 4.2 and Fig 4.3)

4.2.2. Altering Cytoskeleton Structure Effects Both Number and Distribution

Motor based mitochondrial transport takes place on the microtubule cytoskeleton; any effect on
this cytoskeleton must also affect mitochondrial transport. To investigate this effect we looked at
microtubule mutants. We looked at alpha tubulin (mec-12) and beta tubulin (mec-7) mutants. We
looked at the mitochondria number in partial loss of function alleles of mec-7(u443) and mec-
7(el343). Mutation in mec-7(u443) and mec-7(el343) resulted in replacement of 15-
protofilament microtubule by 11 protofilament (Cathy et al 1994). We looked at mitochondria
number per 100 um of axon length in both mec-7(u443) and mec-7(el343) which was approx 7
in ALM process and was significantly higher than the wild type (Fig 4.4, Table 4.3 and Fig 4.6).
PLM processes didn’t show any significant difference compared to the wild type (Fig 4.4, Table
4.3 and Fig 4.6).

MEC-12 alpha tubulin is also required for the formation of normal 15-protofilament microtubule

and is also acetylated (Tentusari et al 1999). We looked at mec-12(el605) and mec-12(el607)
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mutants, both the mutations resulted in touch insensitivity though the former (e/605) has
presence of normal 15-protofilament microtubules whereas later (e/607) has 15-protofilament
replaced by 11 protofilaments (Tentusari et al 1999). We looked at mitochondria number per 100
um of axon length in both the mec-12(el605) and mec-12(el607) mutants, they showed
mitochondrial density as 9 and 7 mitochondria per 100pm of axon length respectively in the
ALM processes which was significantly higher than the wild type (Fig 4.4, Table 4.3 and Fig
4.6). Trend observed for PLM processes was not seen consistently in both the strains (Fig 4.4,

Table 4.3 and Fig 4.6).

Mitochondrial distribution in different regions of axon was studied in these alpha and beta
tubulin mutants. As the effect of mutation was more prominent in ALM processes, distribution
histograms were plotted for ALM processes for both alpha and beta tubulin mutants. Both alpha
(mec-12) and beta tubulin (mec-7) mutants showed histograms quite similar to our simulation
graphs where shorter inter-mitochondrial distance were more prevalent as compared to the
intermediate distance and graph showed an exponential decay (Fig 4.5). As the microtubule
mutants had more number of mitochondria and smaller inter-mitochondrial distance were more
prevalent, this appeared in the axon as clumps of mitochondria which was seen in all the regions

of the axon.

We quantified these clumps which were prominently seen in these tubulin mutants as percentage
of mitochondria less than 3um apart, which are henceforth been quantified for all the mutants
under study. ALM processes of all the tubulin mutants showed high percentage of closely spaced
mitochondria (<3pm) ranging between 9 to 12% which was significantly higher than wild type
(Fig 4.6). Similarly PLM also showed trend of closely spaced mitochondria (Table 4.4). We also
looked at mitochondrial distribution in different regions of axon in beta tubulin mutants where
mitochondria were found to be more aggregated towards the proximal region of axon in ALM
process as compared to the wild type where distal region has more mitochondria in ALM (Table
4.4). Same trend similar to beta tubulin mutant was observed in mec-12(el607) ALM mutant
(where 15-protofilament microtubule is disrupted and replaced by 11 protofilament). Whereas, in
mec-12(el605) strain which has presence of normal microtubules, percentage of mitochondria

allocated to different axonal segments was comparable to the wild type (Table 4.4).
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Altered trend in mitochondrial density and distribution observed in the tubulin mutants was more
prominent in ALM processes compared to PLM (Fig 4.6 and Table 4.3). As per the above results
it implied that disrupting the organization of normal microtubules resulted in altered number and

distribution of mitochondria in the axons and this effect is more prominent in ALM processes.

4.2.3. Altering Mitochondrial Dynamics Effects Both Number and Distribution

Mitochondrial fission-fusion dynamics is vital to maintain active pool of mitochondria. Mutation
in many of the genes responsible for controlling mitochondrial dynamics has been reported to be
associated with many neuronal diseases (Alexander et al 2000, Pesch et al 2001, Zuchner et al
2004). On the similar grounds, we reasoned that altering this dynamics must effect the
mitochondrial distribution and in turn neuronal function as well. To look at the same we looked
at C. elegans fission and fusion mutant’s drp-1 and eat-3 respectively. We looked at eat-
3(ad426) and drp-1(tm1108) alleles where the former had a point mutation resulting in strong
reduction of function mutation (David et al 2010) whereas the later has 426 bp deletion followed

by insertion of 18bp at the deletion site resulting in strong loss of function (David et al 2008).

As expected fission mutant drp-1(tm1108) resulted in lower mitochondrial density with value of
3 mitochondria/100um of axon length. Similarly, eat-3(ad426) fusion mutant strain resulted in
higher density of 6.3 mitochondria/100um of axon length in the ALM processes (Fig 4.7 and
Table 4.5). In fission mutant drp-1(tml1108) as fission process was affected it resulted in
presence of longer and lesser mitochondrial number in the axon. Similarly, fusion mutant eat-

3(ad426) resulted in smaller and more mitochondria number in the axon (Fig 4.7).

We looked at mitochondrial distribution in ALM processes of these fission-fusion mutants.
Histograms of intermitochondrial distance in eat-3(ad426) mutant was quite skewed and showed
the trend similar to the tubulin mutants whereas drp-1(tm1108) was similar to wild type but with
more spread due to lesser number of mitochondria and hence larger intermitochondrial distance
(Fig 4.8). Percentage of aggregated mitochondria (<3um distance) observed was significantly
higher than wild type in eat-3(ad426) with a value approx 12% whereas drp-1(tm1108) didn’t
show any significant difference from the wild type (Fig 4.9 and Table 4.6). Distribution of
mitochondria in proximal, middle and distal regions of axon in ALM process was also found

altered (Table 4.6). Similar, to other mutants studied fission/ fusion mutants also showed more
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consistent trend in ALM as compared to PLM processes. As per the above results disrupting
mitochondrial dynamics affected both mitochondria number and distribution though the effect

observed was seen more prominent in fusion mutant.

4.2.4. DEG/ENaC Channel have very Mild Effect on Mitochondria Number and
Distribution

As MEC-4 and MEC-10 form the pore forming subunit of DEG/ENaC channel and MEC-2 has
been reported to show genetic interaction with MEC-7 B tubulin (Gu et al., 1996), we looked at
mutants of mec-4, mec-2 and mec-10 to see their effects on mitochondria number and
distribution. We looked at mec-4(u253) which is a null allele (Hagan et al 2005), mec-2(e75) has
a missense mutation (Zhang et al 2004) and mec-10(tm1552) has around 400 bp deletion
(Chatzigeorgiou et al. 2010). All the above mutations has been reported to affect touch
sensitivity, but mec-4(u253) which is a null allele has been reported to have most severe effect

on touch sensitivity and thus has been reported to result in abolishing of mechanoreceptor current

(MRC) (Hagan et al. 2005).

mec-4(u253) is a severe mutant whereas mec-10(tm1552) and mec-2(e75) were weaker mutants.
Normalised number of mitochondria per 100um of ALM axon length was found to be
significantly different from wild type in mec-4(u253) with value corresponding to 6.3 and mec-
10(tm1552) with value corresponding to 5.7(Fig 4.10, Table 4.7). mec-2(e75) didn’t show any
significant difference from wild type (Fig 4.10, Table 4.7). PLM showed values comparative to
wild type for all the mutants (Fig 4.10, Table 4.7). Next we looked at mitochondria distribution
histograms of ALM processes of these mutants. Only mec-4(u253) null mutant showed trends
similar to the microtubule mutants in which small intermitochondrial distance were more
prevalent whereas rest two showed trends quite similar to the wild type (Fig 4.11). Percentage of
mitochondria showing aggregation was high in mec-4(u253) with value corresponding to 9%
which was found to be significantly higher than wild type whereas in other two mutants no
significant difference was observed compared to wild type (Fig 4.12 and Table 4.8). We also
studied the distribution of mitochondria in different regions of axons in ALM and PLM process
of these mutants, ALM showed mild effect on the same whereas PLM processes showed trends
almost similar to the wild type. As per the trends observed mec-4(u253) which is a null mutant

showed prominent effect on both number and distribution whereas other two mutant’s mec-
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2(e75) and mec-10(tm1552) didn’t show any prominent effect on either. MEC-4(d) channel has

been reported to be Ca®* permeable (Bianchi et al 2004) so the above effects seen in mec-4(u253)
mutant might be due to combined effect to channel dysfunction as well as due to decrease in

Ca”" permeability if the channel itself is involved in Ca®" conduction.

4.2.5. Cytosolic Ca’* Levels have Mild Effect on Mitochondria Number and Distribution

Calcium buffering is one of the key functions of mitochondria. Role of calcium has been
reported in distribution of mitochondria, moreover its role has also been reported in the
functioning of touch cells. As calcium is reported to be involved in multiple ways in the neuronal
process of our study, we wanted to check how effecting the calcium will affect mitochondria
number and distribution and in turn functioning of these processes. Voltage gated calcium
channels (VGCC) are one of the key channels involved in regulating cytosolic calcium
concentration and it has also been reported to be involved in Ca®" transient in touch cells (Suzuki
et al., 2003). We looked at alpha-1 subunit of VGCC known as egl-19 in C.elegans. We looked
at the gain of function mutants egl-19(ad695) and egl-19(n2368) respectively; these have been
reported to result in increased calcium transient. We also looked at the loss of function allele,

egl-19(ad1006) which has decreased calcium transient (Kerr et al., 2000).

Loss of function mutant egl-19(ad1006) didn’t show any effect on mitochondrial density in both
ALM and PLM processes and the density was same as wild type (Fig 4.13 and Table 4.9). Gain
of function mutant egl-719(ad695) and egl-19(n2368) showed significant increase in
mitochondrial density in the touch neuron processes (Fig 4.13 and Table 4.9). We looked at
mitochondrial distribution histogram of ALM processes. Histograms of both gain and loss of
function mutants of egl/-719 showed similarity to the wild type with regulated distribution and
evenly spaced mitochondria (Fig 4.14). Though the distribution histogram was similar to wild
type percentage of aggregated, mitochondria in ALM (<3um bin) was found to be significantly
higher than the wild type (Fig 4.15 and Table 4.10). We then looked at mitochondrial distribution
in proximal, middle and distal regions of ALM process. Gain of function mutants showed wild
type like trends with higher mitochondrial percentage in the distal region and least in the
proximal region (Table 4.10). In contrast loss of function mutant showed slightly skewed
distribution with almost similar percentage of mitochondria present in all the regions. This trend

in the distribution was quite similar to the one observed in mec-4(u253) and drp-1(tml1108)
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mutants and was unlike tubulin mutant where the pattern was completely perturbed (Table 4.10).
As per the above trend, gain of function mutants affected both number and distribution of
mitochondria in the mutants studied. Whereas, loss of function mutants studied showed effect
only on distribution. Results thus implied that cytosolic calcium levels have effect on both

number and distribution of mitochondria.

4.2.6. Growing Ends of Microtubules are Co-localized with Mitochondria

Mitochondrial distribution was found to be most altered in microtubule mutants thus implying
that integrity of microtubules is a prerequisite for proper distribution of mitochondria. So we
questioned whether mitochondria have preference for certain regions of microtubules as
compared to the other. In order to answer this query, we tried to observe if there is an occurrence
of mitochondria at the growing ends of microtubules. In order to visualize the same, we built

ebp-1(CFP line) with jsIs/073 (mitochondrial RFP transgenic).

The built strain was imaged in both green and red filters and was analyzed to observe co-
localization if any between ebp-1 puncta and the mitochondria. This point was quantified as well.
Co-localization percentage between ebp-1 puncta and mitochondria was found to be 30% and
20% respectively in ALM and PLM processes (Fig 4.16 and Table 4.11). In both the cases, 25
animals were independently analyzed. Presence of mitochondria on the growing end of
microtubule may be an additional mechanism which might be in operation for transport and
distribution of mitochondria other than the motor driven transport. Thus the above experiment
indicates that there is no preferential region and even the growing ends have significant

proportion of mitochondria associated with them.

4.3. Discussion

All the possible factors which govern the mitochondrial number and distribution in touch
neurons were studied. Any trend observed in the mitochondrial density or distribution was
observed more consistently in the ALM processes as compared to the PLM. As per the above
results, it implied that integrity of transport cytoskeleton is most vital in governing mitochondria
number and distribution. Any mutation which altered either the structural organization of the
microtubules or its function showed drastic effect on both number and distribution of

mitochondria. It has been reported that in mec-7/B tubulin mutant mislocalization of vesicles as
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well as UNC-104/KIF1A motor was seen which were reported to be concentrated near the ALM
cell body region as well as in ectopic processes beyond the cell body (Leonie et al 2002). May be
similar processes is in hold in the tubulin mutants studied which is resulting in mislocalization of

mitochondria in the axon.

Other factors which had modest effect on both number and distribution were factors contributing
to mitochondrial dynamics (fission-fusion) as well as Ca®" levels. Altering mitochondrial fission-
fusion dynamics resulted in altered number of mitochondria. Similarly, it also resulted in
perturbed distribution of mitochondria in the axonal segments though the intensity of effect was
varying depending on the type of mutation. Fusion mutants showed skewed distribution both in
terms of higher prevalence of closely spaced mitochondria as well as completely altered
mitochondrial distribution in axonal segments. Both the trends observed were found to be quite
comparative to the tubulin mutants. Whereas, fission mutants showed mitochondrial distribution

pattern comparable to the wild type.

Of all the DEG/ENaC channel mutants studied, only mec-4(u253) showed significant effect on
both mitochondrial number and distribution. Mitochondrial distribution observed in mec-4(u253)
axonal segments was similar to egl-19(ad1006) (If) mutant as well as to drp-1(tml108).
Similarity, in mitochondrial distribution pattern seen in all the three mutants may be attributed
due to direct or indirect involvement of calcium in their functioning. For e.g. MEC-4(d) channel
has been reported to be Ca>" permeable (Bianchi et al 2004) so the above effects seen in mec-
4(u253) mutant might be due to decrease in Ca>" permeability if the channel itself is involved in
Ca®" conduction. Similarly, role of VGCC dependent Ca*'signaling has also been reported to be
involved in phosporylating DRP-1 and hence controlling fission process (Han et al 2008). Thus
presence of similar trends for mitochondrial distribution in these mutants may be due to direct or

indirect deficit in their cellular Ca*" levels.
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Figure 4.1 Representative images showing mitochondrial distribution in ALM and PLM processes
in WT (jsIs609) and motor mutants

A-B) jsIs609; C-D) unc-116(e2310), E-F) kic-2(km11); G-H) dhc-1(js319), 1-)) dhc-1(or195). Position of
mitochondria is marked by arrows. Scale bar is 10um.
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Table 4.1
Av. Mito.
No./100pum Av. Mito.

Av. No. of Av. Axon of ALM Av. No. of Av. Axon  No./100pm
mitochondria length of Axon mitochondria  length of of PLM

Strain in ALM ALM(um) length in PLM PLM(um) Axon length
JjsIs609 19.1£0.5 406.1+£5.9 4.740.1 25.3+1.0 507.248.1 5.0+0.1
dhc-1(or195) 18.6+0.5 408.2+£5.11  4.6%0.12 24.1+0.7 493.2+10.4 4.9+0.1
dhc-1(js319) 21.5+0.6 409.4£6.03  5.25+0.14 31.8+0.7 547.0£7.2 5.8+0.1
unc-116(e2310) 7.25+0.6 287.1+4.25  2.55+0.2 8.5+0.7 329.3+£5.6 2.6+0.2
klc-2(km11) 10.8+0.8 311.9+£7.4 3.5+0.3 9.2+0.6 424.3+10.6 2.2+0.2

Table 4.1 Average mitochondria number and axon length in motor mutants.

Data is represented as mean+SEM. ALM and PLM processes of 25-30 animals were used for analysis.
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Figure 4.2 Distribution histogram of intermitochondrial distance for motor mutants.

X-axis represents intermitochondrial distance range expressed in pm; Y- axis represents percentage of mitochondria
observed in particular range in the respective mutants studied (a) jsIs609 (b) unc-116(e2310) (c) klc-2(km11) (d)
dhc-1(or195) (e) dhc-1(js319).Intermitochondrial dataset of 25-30 animals imaged was used for analysis.
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Table 4.2
Strain Mitochondrial density in ALM Mitochondrial density in PLM
% of % of
Proximal aggregated Proximal aggregated

region(near Middle Distal (<3um) region(near Middle Distal (<Bum)

Cell body) region region  mitochondria Cell body)  region region  mitochondria
JjsIs609 24.6£1.0  34.7¢1.1 40.7+0.9 2.7 36.3£1.1  34.1+1.1 29.6+1.2 2.88
dhc-1(or195) 23.1x£1.1  30.3£1.2 46.6+1.2 0.9 372414  26.6£1.1 36.2+1.4 33
dhc-1(js319) 249+0.9 33.5£1.4 41.5+1.3 2.1 35.3+1.2  35.5+£1.2 29.2+1.5 4.54
unc-116(e2310)  22.142.4  36.1£3.5 41.843.2 0.34 33.442.6  33.4+£2.7 33.0+£2.2 2.1
klc-2(km11) 29.742.9  29.5£2.5 40.8+2.3 3.5 229424  32.842.6 44.3+£3.0 3.1

Table 4.2: Mitochondrial density in ALM and PLM axonal segments in motor mutants

Motor mutants unc-116(e2310), kic-2(km11), dhc-1(or195) and dhc-1(js319) are compared with wild type (jsls609).
Mitochondrial density data is represented as mean+SEM. Distribution data set of 25-30 animals was used for
analysis
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Figure 4.3 (A-B) Graph showing normalised axonal mitochondrial density and percentage of closely
spaced mitochondria (<3 pm) in motor mutants

(A) Graph represents average number of mitochondria/100pum of axon length observed for different mutants.

(B) Data represents percentage of <3um spaced mitochondria observed in different mutants. Data is represented as
mean=£S.E. Student t-test was carried out for all the mutants studied with respect to wild type, p value is illustrated as
*, <% refers to p<0.05 and “***” refers to p< 0.001.
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Figure 4.4 Representative images showing mitochondrial distribution in ALM and PLM processes
in WT (jsIs609) and tubulin mutants

A-B) jsIs609; C-D) mec-7(el343), E-F) mec-7(u443); G-H) mec-12(el1607), 1-J) mec-12(el605). Position of
mitochondria is marked by arrows. Scale bar is 10um
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Figure 4.5 Histogram for intermitochondrial distance in tubulin mutants.

X- axis represents intermitochondrial distance range expressed in um; Y- axis represents percentage of mitochondria
observed in particular range in the respective mutants studied (a) jsIs609 (b) mec-7(el343) (c) mec-7(u443) (d) mec-
12(e1605) (e) mec-12(el607).Intermitochondrial dataset of 25-30 animals was used for analysis.

>

O~ N WAUAOJNXOO

*

%

%
-*

*

*
-*

*

*

No. /100pm

Normalised ALM data # mito.

85



Chapter 4 — Factors Effecting Number and Distribution of Mitochondria in
C.elegans Touch Neurons

B 14
%k Kk
E 12 I * ok * ! * ok K
g10
E3
s
%
g6
S
: 4
(=]
i
S
.E 0 T T T T
s N ) ) Q Q)
° |\ > \\b‘b‘ W& W&
° Ry W\ AL G @
0 g N N
W o pe

Figure 4.6 (A-B) Graph showing normalised axonal mitochondrial density and percentage of closely
spaced mitochondria (<3 pm) in tubulin mutants

(A) Graph represents average number of mitochondria/100um of axon length observed for different mutants.

(B) Data represents percentage of <3um spaced mitochondria observed in different mutants. Data is represented as
mean£S.E. Student t-test was carried out for all the mutants studied with respect to wild type, p value is illustrated as
*, <% refers to p<0.05 and “***” refers to p< 0.001. Dataset of 25-30 animals was used for analysis.

Table 4.3
Av. Mito.
No./100pum Av. Mito.

Av. No. of Av. Axon of ALM Av. No. of Av. Axon  No./100um
mitochondria  length of Axon mitochondria  length of of PLM

Strain in ALM ALM(pum) length in PLM PLM(um) Axon length
JjsIs609 19.1£0.5 406.1£5.9 4.7£0.1 25.3£1.0 507.248.1 5.0+0.1
mec-7(el343) 20.9+1.1 322.949.2 6.5+0.3 13.5+0.8 319.2+10.3 4.34+0.3
mec-7(u443) 23.9+1.1 358.848.9 6.7+0.3 20.6£1.1 397.7+13.7 5.1£0.1
mec-12(el607) 29.1+1.2 418.5+9.1 7.0+£0.3 23.5+0.9 426.7+7.3 5.5+0.2
mec-12(el605) 34.9+1.0 368.1+7.2 9.5+0.2 34.1+1.1 442.4+13.3 7.7+0.2

Table 4.3 Mitochondria number and axon length in microtubule mutants

Data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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Table 4.4
Strain Mitochondrial density in ALM Mitochondrial density in PLM
% of % of
Proximal aggregated Proximal aggregated
region(near Middle Distal (<3um) region(near  Middle Distal (<3um)
Cell body)  region region  mitochondria  Cell body)  region region  mitochondria
JjsIs609 24.6+£1.0 34.7+1.1 40.7+0.9 2.7 36.3x1.1  34.1£1.1 29.6+1.2 2.88
mec-7(el343) 42.5+2.2  27.841.8 29.7+1.8 11 39.7£2.3  29.6+1.5 30.7+£2.2 5.35
mec-7(u443) 37.8+1.9  32.7£1.8 29.542.3 83 349+3.0 36.5£2.6  28.6+3 5.11
mec-12(e1607)  37.6£1.9 30+1.8  32.4+2.0 11.8 30.4+1.8 37.3+1.4 32.2+1.6 8.96
mec-12(el1605)  26.1£1.0  33.841.2 40.2+0.9 10.7 37.741.6  32.9+1.2 29.4+1.8 7.85

Table 4.4: Mitochondrial density in ALM and PLM axonal segments in microtubule mutants.
Mitochondrial density data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.

isIs609

eat-3(ad426)

drp-1(tm1108)

Figure 4.7: Representative images showing mitochondrial distribution in ALM and PLM processes

in WT (jsIs609) and fission-fusion mutants

(A-B) jsIs609; (C-D) eat-3(ad426), (E-F) drp-1(tm1108). Position of mitochondria is marked by arrows. Scale bar is

10pm.
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Table 4.5
Av. Mito.
No./100pum Av. Mito.
Av. No. of Av. Axon of ALM Av. No. of Av. Axon  No./100pm
mitochondria length of Axon mitochondria  length of of PLM
Strain in ALM ALM(um) length in PLM PLM(um)  Axon length
JjsIs609 19.1£0.5 406.1+£5.9 4.7+0.1 25.3£1.0 507.2+8.1 5.0+0.1
eat-3(ad426) 21.0+0.8 332.446.2 6.3£0.3 22.4+1.1 430.7+8.3 5.24+0.3
drp-1(tm1108) 11.4+0.5 357.7+3.7 3.2+0.2 14.5+0.5 438.0+3.8 3.3:0.2

Table 4.5 Average mitochondria number and axon length in mitochondrial fission-fusion mutants.

Data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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Figure 4.8 Intermitochondrial distance histogram in mitochondrial fission and fusion mutants

Horizontal axis represents intermitochondrial distance range expressed in pm vertical axis represents percentage of
mitochondria observed in particular range in the respective mutants studied (A) jsls609 (B) eat-3(ad426) (C) drp-
1(tm1108). Dataset of 25-30 animals was used for analysis.
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Figure 4.9 (A-B) Graph showing normalised axonal mitochondrial density and percentage of closely
spaced mitochondria (<3 pm) in fission-fusion mutants

(A) Graph represents average number of mitochondria/100pum of axon length observed for different mutants.
(B) Data represents percentage of <3pm spaced mitochondria observed in different mutants. Data is represented as mean+S.E.
Student t-test was carried out for all the mutants studied with respect to wild type, p value is illustrated as *. “*” refers to p<0.05

and “***” refers to p< 0.001. Dataset of 25-30 animals was used for analysis.
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Table 4.6
Strain Mitochondrial density in ALM Mitochondrial density in PLM
% of % of
Proximal aggregated Proximal aggregated

region(near Middle Distal (<3um) region(near  Middle Distal (<3um)

Cell body)  region region  mitochondria  Cell body) region region  mitochondria
JsIs609 24.6+1.0 34.7£1.1 40.7+0.9 2.7 36.3+1.1  34.1£1.1 29.6+1.2 2.88
eat-3(ad426) 37.9+2.0 31.5%1.5 30.6+1.8 10.2 40.5+2.4  27.0£2.1 32.5+1.9 3.72
drp-1(tm1108)  33.5+2.4 32.3+3.0 34.2+2.8 3.2 30.943.0  34.5£2.3 34.5+£2.6 5.8

Table 4.6: Mitochondrial density in ALM and PLM axonal segments of fission-fusion mutants.

Mitochondrial density data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.

RN R

isIs609

mec-4(u253)

mec-2(e75)

mec-10(zb2551)

Figure 4.10 Representative images showing mitochondrial distribution in ALM and PLM processes
in WT (jsIs609) and DEG/ ENaC

A-B) jsls609; C-D) mec-4(u253), E-F) mec-2(e75); G-H) mec-10(zb2551). Position of mitochondria is marked by
arrows. Scale bar is 10um.
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Table 4.7

Av. Mito. Av. Mito.
Av. No. of Av. Axon No./100um of  Av. No. of Av. Axon  No./100pm
mitochondria  length of ALM Axon  mitochondria  length of of PLM

Strain in ALM ALM(um) length in PLM PLM(um) Axon length
JjsIs609 19.1£0.5 406.1£5.9 4.74£0.1 25.3+£1.0 507.248.1 5.0+0.1
mec-4(u253) 26.1+0.9 415.0£7.9 6.3+0.2 22.8+0.8 475+8.2 4.8+0.2
mec-2(e75) 19.9+0.6 400.5+7.3 5.0+0.1 27.4+1.2 470.4+9.7 5.8+0.2
mec-10(zb2551) 22+0.8 386.3+7.5 5.7+0.2 27.8+1.7 554.2+10.8 5.0+0.3

Table 4.7 Average mitochondria number and axon length in DEG/ENaC mutants.

Data represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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Figure 4.11: Distribution histogram for intermitochondrial distance for DEG/ENaC channel

mutants

Horizontal axis represents intermitochondrial distance range expressed in um, vertical axis represents percentage of
mitochondria observed in a particular range in the respective mutants studied (A) jsIs609 (B) mec-4(u253) (C) mec-
2(e75) (D) mec-10(zb2551). Intermitochondrial dataset of 25-30 animals was used for analysis.
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Figure 4.12 (A-B): Graph showing normalised axonal mitochondrial density and percentage of

RFRF

closely spaced mitochondria (<3 pm) in DEG/ENaC channel mutants

(A) Graph represents average number of mitochondria/100pm of axon length observed for different mutants.
(B) Data represents percentage of <3um spaced mitochondria observed in different mutants. Data is represented as
mean+S.E. Student t-test was carried out for all the mutants studied with respect to wild type, p value is illustrated as

*, <% refers to p<0.05 and “***” refers to p< 0.001. Dataset of 25-30 animals was used for analysis.

Table 4.8
Strain Mitochondrial density in ALM Mitochondrial density in PLM
% of % of
Proximal aggregated Proximal aggregated

region(near Middle Distal (<3um) region(near Middle Distal (<Bpum)

Cell body)  region region  mitochondria Cell body) region region  mitochondria
JjsIs609 24.6£1.0  34.7¢1.1 40.7+0.9 2.7 36.3+1.1  34.1£1.1 29.6+1.2 2.88
mec-4(u253) 322+1.6  34.4+1.2 33.3£1.8 8.5 37.5¢1.7 32.1£1.6 30.3t1.4 5.94
mec-2(e75) 30.0¢1.3  35.0£1.4 35.0£1.3 3 40.9+1.3 352414 23.9+1.0 4.7
mec-10(zb2551)  30.1+1.3  34.8+1.5 35.1+1.5 4.5 42.2+2.5 33.0+1.8 24.8+1.9 5.24

Table 4.8: Mitochondrial density in ALM and PLM axonal segments in DEG/ENaC mutants.

Mitochondrial density data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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egl-19(ad1006)

egl-19(ad695)

egl-19(n2368)

Figure 4.13 Representative images showing mitochondrial distribution in ALM and PLM processes
in WT (jsIs609) and VGCC mutants

A-B) jsIs609; C-D) egl-19(ad1006), E-F) egl-19(ad695); G-H) egl-19(n2368). Position of mitochondria is marked
by arrows. Scale bar is 10um.
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Table 4.9
Av. Mito.
No./100pum Av. Mito.
Av. No. of Av. Axon of ALM Av.No.of  Av.Axon  No./100pm
mitochondria length of Axon mitochondria  length of of PLM
Strain in ALM ALM(um) length in PLM PLM(um)  Axon length
jsIs609 19.1+0.5 406.1£5.9 4.7+0.1 25.3+1.0 507.2+8.1 5.0+0.1
egl-19(ad1006) 22.1+0.8 436+6.8 5.0+£0.2 27.3+1.0 550.0£10.6 5.0+0.1
egl-19(ad695) 23.4+1.1 376.4+8.5 6.2+0.3 27.9+1.0 463.6+11.8 6.0+£0.2
egl-19(n2368) 18.5+0.5 265.1+£7.2 7.1+0.3 23.3+1.0 399.6+9.9 5.8+0.2

Table 4.9 Statistics of mitochondria number and axon length in VGCC channel mutants.

Data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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Figure 4.14 Distribution histogram for intermitochondrial distance for Voltage gated calcium
channel mutants.

X- axis represents intermitochondrial distance range expressed in pm; Y-axis represents percentage of mitochondria
observed in particular range in the respective mutants studied (A) jsIs609 (B) egl-19(ad1006) (C) egl-19(ad695) (D)
egl-19(n2368). Intermitochondrial dataset of 25-30 animals was used for analysis.
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Figure 4.15 (A-B) Graph showing normalised axonal mitochondrial density and percentage of
closely spaced mitochondria (<3 pm) in VGCC mutants

(A) Graph represents average number of mitochondria/100um of axon length observed for different mutants.

(B) Data represents percentage of <3um spaced mitochondria observed in different mutants. Data is represented as
mean=£S.E. Student t-test was carried out for all the mutants studied with respect to wild type, p value is illustrated as
*, <% refers to p<0.05 and “***” refers to p< 0.001. Dataset of 25-30 animals was used for analysis.
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Table 4.10
Strain Mitochondrial density in ALM Mitochondrial density in PLM
% of % of
Proximal aggregated Proximal aggregated

region(near Middle Distal (<3pm) region(near Middle Distal (<3um)

Cell body) region region mitochondria Cell body)  region region  mitochondria
Jjsls609 24.6£1.0 34.7£1.1 40.7£0.9 2.7 36.3+1.1  34.1£1.1 29.6£1.2 2.88
egl-19(ad1006)  33.7+2.1  34.5£22 31.7£1.2 6.6 41.5¢1.3  32.6+£1.2 25.8+1.3 6.23
egl-19(ad695) 30.5+1.3  34.0£1.3 35.5%1.2 59 39.241.9  31.8£1.0 28.9+1.9 3.59
egl-19(n2368) 22.2+1.1  32.7£1.4 45.1£1.2 7.4 31.741.6  32.6£1.5 35.7£1.6 5.14

Table 4.10: Mitochondrial density in ALM and PLM axonal segments in VGCC channel mutants.

Mitochondrial density data is represented as mean+SEM. Dataset of 25-30 animals was used for analysis.
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Figure 4.16 (A-F) Represents co-localization between ebp-1 puncta (GFP) labeled and mitochondria
(mRFP)

(A-C) Represents co-localization observed in Ventral Synapse region (VS)
(A) Represents ebp-1 puncta (GFP labeled) in VS

(B) Mitochondria (mRFP) labeled

(C) Represents co-localization between the two.

(D-F) Represents co-localization observed in ALM axon

(D) Represents ebp-1 puncta (GFP labeled)

(E) Mitochondria (mRFP) labeled

(F) Represents co-localization between the two.

Scale bar is 10pum.

Table 4.11
Av. No. of ebp-1
Av. No. of punctas showing co- % of ebp-1 showing
Av. No. of ebp-1 mitochondria localization with co-localization with
punctas observed observed mitochondria mitochondria
ALM 6.13+0.71 10.8+0.44 1.96+0.27 31.9
PLM 9.26+1.43 14.5+0.93 1.95+0.42 21.02

Table 4.11: Ebp-1 and mitochondria co-localization statistics.

Data represented as mean+=SEM. Dataset of 20-25 animals was used for analysis.
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5. Mitochondria Number and Distribution Correlates to Neuronal

Function

5.1. Introduction

Mitochondrial function is essential for all cell types and is even more critical for neuronal cells
due to their high energy needs. Apart from energy production, mitochondria are involved in
many other vital functions like calcium buffering, regulating apoptosis, free radicals generation
and synthesis of steroids. As mitochondria are involved in ATP production and many other vital
functions their dysfunction has been reported to be associated with aging, degenerative diseases,

as well as with cancer (Wallace 2005, Kujoth et al 2005, Knott et al 2008).

Perturbation of mitochondrial dynamics and Ca** regulation has been reported to be associated
with many neurodegenerative diseases. Mutated fusion genes have been known to be associated
with many neurodegenerative diseases like Mutations in Mfn 2 cause Charcot-Marie-tooth
(CMT) subtype 2A (CMT2A), similarly mutations in OPA! causes optic atrophy(Kijima K et al
2005, Zuchner et al 2004, Carelli et al 2004, Amati-Bonneau et al 2008). Similarly,
mitochondrial fission genes are known to be responsible in causing CMT subtype 4A disease
(Kabzinska et al 2006). Role of Ca®" dysregulation and mitochondrial dysfunction has also been
implicated in many other neurodegenerative diseases like Alzheimer’s disease (Khachaturian
1994, Hirai et al 2001, Wang et al 2009), Parkinson’s disease (Danzer et al 2007, Furukawa et al
2006), Huntington’s disease (Lim et al 2008) and Amyotrophic lateral sclerosis (Grosskreutz et
al 2010).

Changes in cytosolic calcium levels are associated with neuronal activity. These changes result
in an increase in mitochondrial calcium transients, while its membrane potential results in
neuronal behavior (Kann et al 2003, Kovacs et al 2005). Thus mitochondrial functioning is
reported to be directly or indirectly involved in neuronal behavior. In the last chapter, we looked
at different factors which are contributing for mitochondrial density and distribution in touch
neurons. As per our results we found that various factors were contributing for normal number
and distribution and each of these factors had different degree of severity. Out of all the factors

studied, tubulin and channel mutant (mec-4(u253)) were found to be affecting the density and
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distribution most. As the above mentioned mutants are proven set of genes responsible for
mechanosensation defect, we then reasoned whether this altered number and distribution is
instrumental in their mechanosensation defective phenotype. To resolve this query, we carried
out gentle touch mechanosensation assay using an eyelash for all the mutants to check whether

mitochondria number and distribution correlates to neuronal function.

Gradual decrease in response to repeated stimuli is known as habituation (Thompson et al 1966).
In C. elegans habituation has been observed when worms are exposed to repeated gentle touch or
tap response (Rankin et al. 1990). Gentle touch or tap response elicit avoidance behavior in the
form of forward and backward movements which is governed by mechanosensory neurons
(Rankin et al 1990). It has been reported that for tap response habituation was faster in case of
shorter inter-stimulus interval as compared to longer inter-stimulus interval (Broster et al 1994).
We also reasoned about the effect of increasing inter-stimulus interval in the mechanosensory
defective strain while giving gentle touches. In an effort to observe this point, instead of giving
consecutive alternate touches which were approximately 1.5 seconds apart (inter-stimulus
interval between first anterior and subsequent posterior touch), we increased the gap to 10

seconds and quantified the behavioral response.

In this study we reported that mitochondrial density (Mitochondria number /100um of axon
length) and distribution (<3um bin) is correlated to behavioral response. Both the factors show
statistically significant negative relationship with behavioral response with wild type levels as
the cut-off. Increase of any of the two variables (density and <3um bin) beyond the wild type
threshold showed negative impact on behavioral response. Though the effects seen above were
diminished when the inter-stimulus interval (ISI) was increased and in such cases irrespective of
the genotypes, all the strains showed very high positive behavioral response to gentle touch

stimulus.
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5.2. Results

5.2.1. Mutants with High Normalised Number and Higher Clumping Showed Poor
Behavior

We did gentle touch behavioral assay for the mutants and scored them for the responses
exhibited for a series of ten alternate anterior and posterior touches respectively. Our control
strain jsIs609 showed positive response to 85% of ALM touches which was comparable to N2
(control strain) which showed response to 90% touches. All the mechanosensation defective
strains were assayed and scored for behavioral responses. All the mec-7 and mec-12 strains
which showed very high altered number and distribution showed very poor behavioral response
(approx 30-45% positive response for ALM touches). Similar, responses were shown by mec-

4(u253) which had the similar trend for number and distribution (Table 5.1).

Mec-2 and mec-10 strains which had the mitochondrial density close to the wild type and mild
clumping responded to 60-65% touches. Looking at this trend, we assayed some other strains
which did not belong to the proven set of mechanosensation defective genes. Eat-3 which also
had high density and high clumping showed positive response to only 45% touches. All the
strains with higher mitochondrial density in axon and high clumping compared to wild type
showed poor behavioral response. We then questioned the effect of lower density (compared to
control) on behavior and assayed the strains which showed these trends. All the strains unc-
116(e2310), kilc-2(kmlil) and drp-1(tml1108) which had mitochondrial density below wild type
and mitochondrial aggregation compared to or below wild type showed poor response (60-70%)

as compared to wild type (Table 5.1 and Fig 5.1).

All the strains which were analyzed for behavioral response had affected mitochondria number
or distribution due to being involved in mitochondrial transport dynamics or function. In an
effort to look whether we could find some other strain which affects number and distribution but
without being involved in any such pathway we looked for unc-16 mutants. Unc-16 is C. elegans
homolog of mouse JI/P3 and Drosophila Sunday Driver (Verhey et al 2001, Bowman et al 2000).
UNC-16 is known to interact with KLC-2 and KHC component of Kinesin-1 (Bowman et al
2000, Sun F 2011) and has also been reported to be responsible for regulating vesicle transport
in C. elegans (Byrd D T et al 2001). While looking for its role in mitochondrial transport using
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unc-16 mutants it was reported that unc-16 mutants showed increased number of mitochondria in
axon and this effect was motor independent (work done by Guru Prasad Reddy). One of the
mutant unc-16(el09) which is a reported strong allele of the same (Byrd et al 2001) was assayed
for mitochondria number, distribution as well as behavior. Unc-16(el09) showed high
normalised number of mitochondria in axon (12 mito/100um of axon). Percentage of
mitochondrial clumping (<3um bin) observed was very high (17%) and the positive behavioral
response observed was 43%. So, the behavioral trend observed in unc-16(el09) mutants showed
a consistent trend and correlation between mitochondria number and distribution as was

observed in other mutants (Table 5.1 and Fig 5.1).

All the mutants studied for mitochondrial density and distribution showed three characteristic
trends (which we quantified and were different in the mutants and the wild type): 1)
Mitochondrial density in axon 2) Clumping of mitochondria (<3pm bin) 3) Distribution of
mitochondria in different axonal segments. As the trend in behavioral response implied
correlation between number, distribution and behavior; we tried to scrutinize whether some
relationship exists between these factors and behavior and to validate the findings, we plotted

graph for these variables corresponding to the behavioral response (Fig 5.2).

Mitochondrial density in axon and percentage of clumped mitochondria (<3um bin) showed a
very prominent negative relationship with behavior with wild type as cutoff (Fig 5.2 A-B)
Mutants with both higher and lower trends in mitochondrial density and clumping showed lower
behavioral response compared to wild type. As distal region of axon showed higher density of
mitochondria in wild type whereas other mutants showed disturbed ratio, we also checked
whether it also correlates to neuronal behavior; but it showed abrupt trend (Fig 5.2 C). Trends in
above results implied that mitochondrial density in axon and percentage of clumped

mitochondria (<3pum bin) correlates with mechanosensation behavior.

5.2.2. Mitochondrial Density and Distribution Showed Statistically Significant Correlation
with Behavior

The trend in results implied that mitochondria density and distribution is correlated. To confirm
the same statistical tests were carried out. We first checked whether linear correlation exists

between the dependent variable behavior and independent variables mitochondrial density and
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clumping of mitochondria (<3um bin). We also calculated the correlation coefficient (r) using
MS Excel (Fig 5.3 A-B). The correlation coefficient has a value between -1 and 1 which is used
to determine whether two paired sets of data are related. Values between 0.5-1.0 denote strong
positive linear correlation and the one ranging from -0.5 to -1 denotes strong negative linear
correlation. Both mitochondrial density and clumping of mitochondria (< 3um bin) showed
negative linear correlation with value respectively -0.52 (p=0.02) and -0.77 (p=0.0002) which
showed significantly high correlation. Higher values of correlation coefficient for both

normalised mitochondria number in axon and <3um bin indicated poor behavioral response.

As both the variables showed significant correlation with behavior, we also carried out multiple
regression analysis. Multiple linear regression analysis is used to model the relationship between
two or more explanatory variables and a response variable by fitting a linear equation to
observed data. Every value of the independent variable x is associated with a value of the
dependent variable y. Multiple linear regression model was carried out using dependent variable
“Y” which is average response to anterior touches (expressed in %) and the independent
variables (X’s) Av. Mito. No. /100um of ALM and % of aggregated (<3um) mitochondria. The
model aimed to determine whether average response to anterior touches (behavioral response)
could be predicted using the variables Av. Mito. No. /100um of ALM (Norm ALM) and % of

aggregated (<3um) mitochondria.

Results of multiple linear regressions are summarized in Fig 5.4 and Table 5.3. Value of
coefficient of determination (R?) obtained is 0.70 with p<0.01 which denotes that 70% of
variation in behavioral response can be explained by mitochondria density and aggregation
percentage (Fig 5.4). Value of intercept in the regression equation was 63.5 with p<0.001,
regression coefficient or B weights for Norm ALM is 6.15 with p<0.05 and for <3um is -5.83
with p< 0.001 which was found to be statistically significant (Table 5.3). As the value of R? was
high and all other variables were found to be statistically significant, results of the regression
analysis denotes that behavioral response could be predicted using the variables normalised ALM

and <3 um bin.

To confirm the regression model, we also did residual analysis and developed residual plots.

Residual is the value obtained by the difference between observed and predicted values of
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dependent variables. Values of the residual were calculated using MS Excel and residual plot
was developed. Scatter plot was made by plotting Residuals on Y-axis and the values of
dependent variables (Norm ALM and <3um bin) on X-axis. The residual plot depicted a random
pattern highlighting the fact that trends in the data showed a decent fit for the linear regression
model (Fig 5.5 A-B).

5.2.3. Altering Mitochondria Number and Distribution Alters Behavior

The results above show mitochondria number and distribution shows statistically significant
correlation with behavior. To justify this point, we also tried altering mitochondrial number by
diluting the effect of a particular mutant gene by replacing one copy of the gene by wild type
using genetic crosses. We used similar approach for unc-116(e2310) and unc-16(el09) both of
which had extreme variations in mitochondria number and distribution and none of them belong

to the known set of mechanosensory defective genes.

Mutants of both unc-116(e2310)/+ and unc-16(el09)/+ which had one wild type copy of gene
were characterized for mitochondrial density, distribution and assayed for behavior. unc-
116(e2310)/+ mutant resulted in normalised number of 5.2 mitochondria/100pm which was
comparative to wild type but high as compared to unc-116(e2310) which had normalised number
of 2.5/100um. Percentage of aggregated mitochondria (<3um) for unc-116(e2310) and unc-
116(e2310)/+ was 0.4% and 3.6% respectively. Behavioral response of wunc-116(e2310)/+
mutant was compared to wild type and it showed 89% response compared to unc-116(e2310)

which responded positively to only 62.33% touches (Table 5.4).

Similar to above, unc-16(el09)/+ with one wild type copy of gene showed decrease in
mitochondrial density in axon with the value of 5.1 mitochondria/100pum compared to unc-
16(e109) which had value of 11.5/100pm. Percentage of mitochondria showing clumping was
also significantly reduced with value corresponding to 3.7% compared to unc-16(el09) which
had 17% clumping. As expected, the behavioral response showed by unc-16(el09)/+ was
improved drastically to 91% positive response for anterior touches and was comparable to wild
type. Results of this experiment confirmed that mitochondria number and distribution were the

contributing factors for behavioral response and altering one affected the other (Table 5.4).
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5.2.4. Inter-stimulus Interval (ISI) Governs the Behavioral Response

In the above set of experiments, alternate gentle touch stimulus was given without any spacing
between the stimuli. The duration of stimuli between alternate touches was approximately 1.5
second. All the strains irrespective of their genotype assayed showed positive response to the
first gentle touch administered to them. Frequency of positive response to subsequent touches
showed decline thereafter depending on the genotype. As all the strains showed positive response
to first touch it implied that they are capable of detecting the stimulus and show positive
response for the same. Thus the slowing down of behavioral response to second and subsequent
touches is due to habituation and some mutants habituate faster than the others. The same has
been reported for tap withdrawal assay (Broster et al 1994) but its effect on gentle touch assay

with respect to mechanosensory defective mutants has never been assayed and characterized.

To look at the effect of inter-stimulus interval (ISI) on gentle touch behavioral response, we
increased the time duration between the alternate touches to 10 seconds and assayed a set of
mutants. Tubulin mutants mec-7(el343), mec-12(el607) and mec-12(el605) showed very poor
(30-45%) behavioral response to consecutive touches (ISI 1.5 sec). When, the ISI was increased
to 10 second behavioral response increased for all the tubulin mutants to approximately 80% and
above (Table 5.5). Control strain as well as all other mutants assayed showed increased
percentage of positive response when ISI was 10 second compared to ISI of 1.5 second (Table
5.5). Results of the above experiment thus indicated that if the inter-stimulus interval was
sufficiently placed, all genotypes irrespective of the mutation responded to majority of the

touches (Fig 5.6).

5.3. Discussion

Involvement of mitochondrial dysfunction has been reported in the etiology of many
neurodegenerative diseases like Alzheimer’s, Parkinson’s and Huntington’s. In Alzheimer’s
etiology, overproduction of amyloid B-peptide is the cause which results in events like oxidative
stress leading to perturbed mitochondrial function like Ca*” homeostasis, ATP production and
finally damage to mitochondrial membrane due to toxic metabolites produced during the course
of events initiated (Khachaturian 1994, Hirai et al 2001, Wang et al 2009). Similarly,

mitochondrial dysfunction attributed due to reduced activity of mitochondrial complex I has been

107



Chapter 5 — Mitochondria Number and Distribution Correlates to Neuronal
Function

reported to be associated with the etiology of Parkinson’s disease (Swerdlow et al. 1996).
Involvement of mitochondrial dysfunction has also been reported in psychiatric disorders like
bipolar disorder and schizophrenia (Shao et al 2008). In-vitro experiments modeling epileptiform
activity have reported changes in mitochondrial membrane potential and mitochondrial calcium

concentration during the activity episode (Kovacs et al 2001).

All the above references cite direct or indirect involvement of mitochondria in neuronal function
and activity but any quantifiable correlation between the two has never been reported. Six touch
neurons of our study are specialized for sensing gentle touch stimuli and respond to the same by
showing locomotion in reverse direction of the stimuli. Mitochondria number and distribution is
found to be highly regulated and several factors were found to be influencing it. In the tubulin
mutants, organization of specialized 15-protofilament microtubule was disrupted which resulted
in highly perturbed number and distribution. Identical pattern of disturbed distribution and
number of mitochondria was observed in one of the channel mutants. Behavioral response to
gentle touches in these mutants was very poor, similar results were seen in other mutants like
eat-3 and unc-16 which showed similar trend in density and distribution of mitochondria. Strains
which had mild effect on either number or distribution showed behavioral trends between wild
type and severely mechanosensory defective mutants. Strains which had the above factors
towards the lower side also resulted in behavior deficit but not as severe as was observed in
tubulin mutants. Trends in the results showed correlation between mitochondrial number and
distribution. Correlation between mitochondrial number and distribution was proved to be

showing statistically significant correlation with neuronal behavior.

Moreover, all the mutants responded to the first touch given to them. When we played with the
inter-stimulus interval and increased it to a certain extent (10 seconds), in such cases all the
mutants responded to the touches quite robustly. Result of the experiment thus indicates that
mutants showing poor response results in rapid desensitization in the mechanosensory circuit
which may be a reason for their poor mechanosensory response. Thus, when inter-stimulus
interval is increased allowing the worm to recover from earlier stimulus, worms tends to respond
to majority of the stimulus. Results of our experiments thus indicate that a strong correlation

exists between mitochondria number/distribution versus behavior.
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Table 5.1
Av. Mito. % of aggregated = Mitochondrial density
Strain No./100pm of (<3um) in distal region of Average Response to
ALM Axon length mitochondria ALM axon in % anterior touches (in %)

dhc-1(js319) 53 2.1 42 94.2
dhc-1(or195) 4.6 0.9 47 87.5
JjsIs609 4.7 2.7 41 85.7
egl-19(ad695) 6.2 5.9 36 85.6
egl-19(ad1006) 5.0 6.6 32 71.9
klc-2(kml11) 3.5 3.5 41 69.7
mec-2(e75) 5.0 3.0 35 65.4
drp-1(tm1108) 3.2 3.2 34 64.8
mec-10(zb2551) 5.7 4.5 35 64.7
unc-116(e2310) 2.6 0.3 42 62.3
mec-12(el1605) 9.5 10.7 40 453
eat-3(ad426) 6.3 10.2 31 44.8
unc-16(el109) 11.5 17.0 43 42

mec-12(el1607) 7.0 11.8 32 40.8
mec-4(u253) 6.3 8.5 33 39.1
mec-7(el343) 6.5 11.0 29 30.5

Table 5.1 Gentle touch behavioral response for anterior touches shown by different strains

A series of consecutive twenty gentle touches (alternate anterior and posterior touches) were given by eyelash.
Percentage of positive response to anterior touches elucidated by each mutant is tabulated. Results of atleast three
independent trials with 20-30 worms per trial were averaged to obtain the final value. This table also represents the
number and distribution statistics for the ALM processes for the mutants analyzed.
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Table 5.2
Av. Mito. % of aggregated Mitochondrial density Average Response to
Strain No./100pum of (<3pm) in distal region of PLM  posterior touches (in
PLM Axon length mitochondria  axon in % %)
unc-116(e2310) 2.6 2.1 33 60.8
JjsIs609 5.0 2.9 36 82.0
klc-2(km11) 2.2 3.1 44 67.7
dhc-1(or195) 4.9 3.3 37 77.3
egl-19(ad695) 6.0 3.6 39 82.5
eat-3(ad426) 5.2 3.7 41 37.8
dhc-1(js319) 5.8 4.5 35 88.6
mec-2(e75) 5.8 4.7 41 57.7
mec-10(zb2551) 5.0 52 42 51.6
mec-7(el343) 4.3 5.4 40 14.4
drp-1(tm1108) 33 5.8 31 62.9
mec-4(u253) 4.8 5.9 38 19.9
egl-19(ad1006) 5.0 6.2 42 66.2
unc-16(el109) 8.0 7.6 35 25.2
mec-12(el605) 7.7 7.9 38 25.6
mec-12(el607) 5.6 9.0 30 18.4

Table 5.2 Gentle touch behavioral responses for posterior touches shown by different strains

A series of consecutive twenty gentle touches (alternate anterior and posterior touches) were given by eyelash.
Percentage of positive response to posterior touches elucidated by each mutant is tabulated. Results of atleast three
independent trials with 20-30 worms per trial were averaged to obtain the final value. This table also represents the
number and distribution statistics for the PLM processes for the mutants analyze
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Figure 5.1 Graph showing relationship between average responses to anterior touches versus
Normalised ALM (number of mitochondria/100pum) and <3um bin (percentage of mitochondria
with intermitochondrial distance less than <3pum)

Y-axis represents average response to anterior touches whereas secondary Y-axis represents normalised ALM and

<3um bin.
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Figure 5.2 (A-C) Graph showing relationship between the behavioral response and mitochondria
number and distribution variables

(A)Graph showing relationship between behavioral response and normalised ALM (mitochondria number /100pm
of axon length).

(B) Graph showing relationship between behavioral response and <3um bin (% of mitochondria with
intermitochondrial distance less <3um).

(C) Graph showing relationship between behavioral response and percentage of mitochondria in the distal region of
ALM.

For all the graphs average response to anterior touches is plotted in Y-axis and secondary Y-axis represents the
variables.
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Figure 5.3 (A-B) Scatter plot showing linear relationship between average response to anterior
touches versus Normalised ALM (A) and <3 pm bin (B)

(A) Average response to anterior touches is plotted on Y-axis versus normalised ALM (mitochondria number
/100pm of axon length) X-axis. Value of r = -0.51 representing negative linear relationship.

(B) Average response to anterior touches plotted on Y-axis versus <3um bin (% of mitochondria with
intermitochondrial distance less <3um) plotted in X-axis. Value of r = -0.77 representing negative linear
relationship.
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Y=63.53 +6.15*%X1 -5.83*X2

Figure 5.4 Multiple linear regression equation

Model predicts overall function score, Y, for behavioral response to anterior touches, X1: Normalised ALM
(mitochondria number /100um of axon length), X2: <3pm bin (% of mitochondria with intermitochondrial distance
less <3um). 63.53 is the Y intercept point whereas 6.15 and -5.83 are values of regression coefficients for X1 and
X2 variables. Final model had a coefficient of determination R* as 0.70, indicating that the two variables in the
model explain 70% of the variation in the response variable.

Table 5.3
Variables Coefficients(B) SE 95% CI t Stat P-value
Intercept 63.53 10.026 41.87 to 85.19 6.337 <0.001
Normalised ALM 6.15 2.773 0.16to 12.14 2.220 <0.05
<3um Bin -5.83 1.325 -8.69 to -2.97 -4.401 <0.001

Table 5.3 Regression parameter estimates, P values and confidence intervals for the variables
normalised ALM and <3um bin

Normalised ALM represents mitochondria number /100pum of axon length and <3um bin denotes % of mitochondria

with intermitochondrial distance <3pum.
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Figure 5.5 (A-B) Graph showing plot between residuals and Normalised ALM and <3pum bin

(A) Residuals are represented on Y-Axis and normalised ALM (mitochondria number /100um of axon length) is
represented on X-axis. Plot depicts a random pattern.

(B) Graph showing plot between residuals Y-axis and values of <3pm bin (% of mitochondria with
intermitochondrial distance less <3um) represented on X-axis. Plot depicts a random pattern.
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Table 5.4
Av. Mito. No./100pm % of aggregated (<3pm) Average Response to
Strain of ALM Axon length mitochondria anterior touches (in %)
JjsIs609 4.7 2.7 85.7
unc-116(e2310) 2.6 0.3 62.3
unc-16(el109) 11.5 17.0 42.0
unc-116(e2310)/+ 5.18 3.6 88.9
unc-16(el09)/+ 5.1 3.7 91.3

Table 5-4: Mitochondria number, distribution and behavioral response for mutant/+ genotype is
tabulated

A copy of mutant gene was replaced by wild type using genetic crosses. Percentage of positive response to anterior
touches elucidated by each mutant is tabulated. Results of atleast three independent trials with 20-30 worms per trial
were averaged to obtain the final value. This table also represents the number and distribution statistics for the ALM
processes for the mutants analyzed.

Table 5.5
Average response
Av. Mito. % of aggregated Average Response to  to anterior touches
No./100pm of (<3um) anterior touches (in (in %) IST 10
Strain ALM Axon length mitochondria %) ISI 1.5 seconds seconds
JjsIs609 4.7 2.7 85.7 99.0
dhc-1(js319) 53 2.1 94.2 99.0
dhc-1(or195) 4.6 0.9 87.5 98.8
unc-116(e2310) 2.6 0.3 62.3 87.8
mec-7(el343) 6.5 11.0 30.5 80.4
mec-12(el1607) 7.0 11.8 40.8 76.8
mec-12(el605) 9.5 10.7 453 92.2
mec-4(u253) 6.3 8.5 39.1 84.7
mec-2(e75) 5.0 3.0 65.4 96.4
mec-10(zb2551) 5.7 4.5 64.7 96.2
eat-3(ad426) 6.3 10.2 44.8 95.8

Table 5.5: Anterior touch behavioral response for different strains at 1.5 and 10 seconds inter-
stimulus interval (ISI)
1.5 seconds ISI interval is when consecutive alternate anterior and posterior touches were given. For 10 second ISI:

after first anterior touch posterior touch was given after 10 seconds. Table also represents the number and
distribution statistics for the ALM processes for the mutants analyzed. Percentage of positive response to anterior
touches elucidated by each mutant is tabulated. Results of atleast three independent trials with 20-30 worms per trial
were averaged to obtain the final value. This table also represents the number and distribution statistics for the ALM
processes for the mutants analyzed.
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Figure 5.6 Graph showing relationship between average responses to anterior touches at 10second
inter-stimulus interval

Average behavioral response to anterior touches is plotted in Y-axis. Values of normalised ALM (number of
mitochondria/100pm) and <3pum bin (percentage of mitochondria with intermitochondrial distance <3um) are
represented in secondary Y-axis.
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6. Effect of Growth and Imaging Conditions on Mitochondria Number

and Distribution

6.1. Introduction

C. elegans strains used to study mitochondria number and distribution were all grown in
controlled conditions of temperature (22°C) and pH. All the animals used were regularly
transferred to fresh food source before they start crowding up, thus the animals used were all
well fed. L1 to L4 developmental stages used for analysis were picked from non starved un-
crowded plates, whereas for 1 day adult analysis L4 worms were picked from non starved non
crowded plates a day before and imaged on the next day. For imaging animals were placed on
2% agarose pads made on glass slides, 50mM Sodium Azide was the anesthetic used to
immobilize the worms. During normal growth during laboratory conditions as well in the
environment, worms are subjected to diverse kinds of stress. Worms are subjected to food
deprivation, temperature, oxidative, osmotic and pH stress. We tried looking at effect of some of
these stress on mitochondria number and distribution. We also looked at effect of anesthetics

used for worm immobilization on mitochondria number and distribution.

Mitochondria are the prime source for reactive oxygen species (ROS) generation during
oxidative phosphorylation (Hermann et al 2008, Kowaltowski et al 2009). Respiratory
complexes I and III have been reported as the prime sites responsible for generating free radicals
due to incomplete reduction of oxygen (Chandel et al 2000, Lambert et al 2004). Moderate
concentration of reactive oxygen species (ROS) has been reported as vital for mediating cellular
signaling and thus proper cellular function (Droge 2002, Kowaltowski et al 2009). But, at
concentrations beyond threshold ROS are extremely toxic and results in damaging the molecular
machinery and may result in cell death (Balaban et al 2005, Valko et al 2004). Mitochondria are
the most vulnerable targets of ROS and ROS mediated mitochondrial damage has been reported

as a cause for many neurodegenerative diseases and aging (Balaban et al 2005).

Various factors which results in cellular stress has been reported to result in ROS generation by
mitochondria (Kuznetsov et al 2011). It has also been reported that ROS generation has profound

effect on mitochondrial dynamics especially fission (Barsoum et al 2006, Pletjushkina et al 2006,
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Jendrach et al 2008). It has been reported that ROS mediated triggering of mitochondrial fission
events elevates ROS production (Yu et al. 2008). It has been reported that stress results in
activation of machinery for assembly of fission proteins like DRP-1 in the cytoplasm and the
activated protein is then shipped to mitochondria which activates fission events (Park et al 2011,
Giedt et al 2012). Blocking of these fission events has been reported to have protective effect in

preventing the cellular and organ damage (Ong et al 2010, Grohm et al 2012).

Starvation stress results in ROS formation this has been reported by experiments done using cell
culture (Scherz-Shouval et al 2007). It has also been reported that mitochondrial respiratory
chain deficiency (RCD) induces mitochondrial stress response which mimics starvation
conditions (Tyynismaa et al 2010) and RCD has been reported to be causative agent for various
myopathies (Suomalainen et al 1992). Increase in NAD+/NADH and AMP/ATP ratios are
reported to induce fasting response resulting in mitochondrial biogenesis and oxidative ATP
production. Sirtuin-I (SIRT-1) and AMPK Signaling Pathway have been reported as sensors for
NAD+/NADH and AMP/ATP ratios. During RCD, protective response for fasting including
mitochondrial biogenesis is blocked (Suomalainen et al 2014). Moreover, supplement of
nicotinamide riboside (NR), a vitamin B3-analogue has been reported to promote fasting induced
responses like mitochondrial biogenesis, oxidative ATP production and prevent myopathy
(Canto et al 2012, Khan et al 2014). Another study done to see the effect of starvation on
neuronal cell cultures have reported change in mitochondrial morphology from tubular to small
rounded form during starvation, they have also reported that during starvation mitochondrial
dynamics switch towards fusion rather than fission due to this they observe reduction in

expression of fission protein DRP-1 and see aberrant increase in MFN1 (Wappler et al 2013).

Temperature stress has been reported to result in oxidative stress in many marine animals (Abele
et al 1998, Abele et al 2002). Studies done in marine invertebrates have also reported
temperature dependence for mitochondrial activity which decreased when subjected to
temperature beyond permissive range, whereas ROS formation was reported to show consistent
increase with temperature rise (Abele et al 2002). Mild heat stress has been reported to increase
mitochondrial biogenesis in muscles and this happens via activation of the AMPK/SIRT1/PGC-
la pathway (Liu et al 2012).
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Mitochondria are the prime source of hydrogen peroxide (H,O,) production. H;O, has been
reported to act as intracellular messenger and regulate several physiological processes such as
apoptosis (Pierce et al 1991), development (Pierce et al 1991), cell proliferation (Burdon 1995;
Lennon et al 1991) etc. Levels of H,O, are tightly regulated during normal physiological
conditions and deregulation of this results in disruption of cellular signaling and oxidative
damage. It has been reported that non permissive exposure of H>O, to neuronal cells results in
increase in mitochondrial membrane potential (Buckman et al 2001, Bajic et al 2013), increase in
intracellular calcium levels (Kart et al 2005) and depletion of ATP (Yoo et al 2005; Bajic et al
2013).

Apart from environmental conditions use of chemical anesthetics also severely -effect
mitochondrial structure and function. Several studies have been done to study the effect of
anesthetics on mitochondrial structure and function and all the studies invariably of when
anesthetics were applied i.e. prior to tissue harvesting or added to isolated mitochondria have
reported to drastically affect mitochondrial structure and function. Anesthetics have been
reported to affect mitochondrial function by effecting ATPase activity (Lenaz et al 1978);
inhibiting Calcium homeostasis (Brnaca et al 1988, Yang et al 2008); hampering oxidative
phosphorylation (Rottenberg 1983, Tsyganii et al 1984), induce apoptosis (Loop et al 2005, Wei
et al 2008, Liang et al 2008). Anesthetics have also been reported to alter mitochondrial ultra-
structure (Hertsens et al 1984), including altering of mitochondrial membrane composition

(Lenaz et al 1978, Dekutovich et al 1986).

Some of the commonly used anesthetics to immobilize C. elegans are sodium azide (Sulston et al
1988), levamisole (Lewis et al 1980) and muscimol (Ghosh et al 2008). It has been reported that
sodium azide is inhibitor of cytochrome ¢ oxidase (Duncan et al 1966) as well as ATP synthase
(Van der Bend et al 1985). Moreover sodium azide is also reported to inhibit axonal transport
(Fang et al 2012). Levamisole is reported as an acetylcholine agonist acting at nematode muscle
receptors resulting in muscle paralysis (Lewis 1980, Robertson et al 1993). Similarly, muscimol
is a GABA agonist (Mclntire et al 1993). We checked effect of these three anesthetics sodium

azide, levamisole and muscimol respectively on mitochondria density in the axon. We also
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looked at effect of starvation, temperature and H,O, mediated oxidative stress on mitochondria

number and distribution.

6.2. Results

6.2.1. Choice of Anesthetic Effected Mitochondrial Density

We checked the effect of three anesthetics sodium azide (50mM), levamisole (10mM) and
muscimol (10mM) respectively on mitochondria number and distribution in ALM and PLM
processes of jsIs609 strain of C. elegans. For all the stress experiments fifteen to twenty animals
were analyzed for every set. Sodium azide which is a cytochrome C inhibitor and inhibitor for
axonal transport of mitochondria showed least mitochondrial density in ALM (4.7mito/100pum)
and PLM (5.1mito/100um) processes. Whereas, acetylcholine agonist levamisole and GABA
agonist muscimol showed significantly higher densities compared to sodium azide in both ALM
and PLM processes (Fig 6.1 and Table 6.1). ALM processes showed mitochondrial density value
as 7.8 mitochondria/100um and 6.4 mitochondria/100um for levamisole and muscimol
respectively. Similarly, mitochondrial density of 7.2 mitochondria/100pum of axon length was

observed in PLM process for both levamisole and muscimol (Fig 6.1 and Table 6.1).

Above results suggested that the choice of anesthetic was having considerable effect on axonal
mitochondrial density. Though, mitochondrial density vas varying in different anesthetics
however no observable change was observed in mitochondrial morphology under different
anesthetics. So, to answer which anesthetics will closely resemble the actual mitochondrial
density we attempted to analyze mitochondrial density in anesthetic free condition by using
micro-fluidic device (Mondal et al 2011). L4 animals imaged in device showed average number
of mitochondria as 20.1+1.44 (mean+SEM) and mitochondrial density value as 5.9+0.38
mitochondria/100pm (mean+=SEM) for PLM processes (work done by Jyoti Dubey). The data set

obtained in anesthetics free condition showed closest resemblance to sodium azide anesthetic.

6.2.2. Starvation Results in Arrest in Growth of Axon

L4 animals were washed with M9 buffer and subjected to starvation stress by transferring them
to unspotted plates. Worms were subjected to starvation for 72 hours and observations were

made at 0", 12™h, 24™h, 48™h and 72™h time points under both starved and control conditions.
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We imaged and analyzed ALM processes of worms subjected to starvation. We observe that in
time course of 72 hours no drastic change in axon length was observed (Table 6.2 and Fig 6.2).
At 0™ hour axon length observed was 323.1+9.0 (mean+=SEM) pm which increased to 352.8+7.5
(mean+=SEM) pum only by the end of 72th hour during starvation, whereas in control conditions it
increased to 481.1£10.8 (meantSEM) um. Under normal conditions axon length increased
approximately by 160um in the time span of 72 hours whereas under starvation there was only

30 um increase in axon length in this time span.

We also analysed average number of mitochondria in the ALM process. We didn’t observe any
change in the average mitochondrial number which remained fairly constant with a value of
approximately 15 mitochondria for the entire 72 hours time span whereas under control
conditions it increased from a value of 15+0.5 (mean+SEM) at 0" hour to 22+1.0 (mean+SEM)
at the end of 72" hour (Table 6.2 and Fig 6.2). However, under both the conditions starved
versus non starved mitochondrial density in axonal processes was tightly maintained with an
approximate value of 4.5 mitochondria/100um of axon length for the entire 72 hour duration
(Table 6.2). We also observed the mitochondrial morphology during starvation. We didn’t
observe any visual change in morphology of axonal mitochondria, though cell body at later
stages (72™ hour) started losing its usual network appearance in some animals and started

appearing fragmented.

6.2.3. Heat and Peroxide Stress Affected Mitochondrial Morphology

We exposed jsIs609 worms to heat stress (HS) by incubating L4 animals at 37°C for 3 hours.
Exposing animals to 37°C for 3 hours effected worm’s health drastically and the animals
appeared severely sick. Mitochondria and cell body morphology appeared severely altered (Fig
6.3). Mitochondria had totally lost its tubular structure and all mitochondria were very small and
round in appearance. Some of the mitochondria even appeared vacuolar and showed jiggling
movement inside the vacuole. Cell body had lost its normal filamentous appearance and it
became severely fragmented (Fig 6.3). We also analysed mitochondrial density in the ALM
axonal processes which showed a significant (p<0.005) higher density (5.7+0.24 mito/100um)
compared to control (4.7+0.2 24 mito/100um) (Table 6.3). As density was significantly altered we

also looked at intermitochondrial distance in worms exposed to HS, we observed that there was
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increase (6.3%) in percentage of mitochondria which were closely aggregated (<3um apart) in

heat stress condition compared to our control (3%).

We supposed that increased mitochondrial density due to heat stress may be the reason for
mitochondrial clumping. Increased mitochondrial density during HS signified that mitochondrial
dynamics was altered and fission process was initiated. To check whether the HS was
responsible for activating fission machinery resulting in mitochondrial fragmentation we checked
percentage of big mitochondria in drp-1(tm1108) worms in control and HS condition. If the
fission process was activated percentage of big mitochondria in drp-1(tm1108) mutant should also
show some change. Mitochondria were classified as big if length of the tubular mitochondrial
were 2um or above. As expected percentage of bigger mitochondria were reduced in HS Drp-1
with value of 15% compared to control conditions where 34% of the total mitochondria were

classified as big.

Worms were subjected to oxidative stress by transferring L4 worms for 1 hour in 20mM
hydrogen peroxide solution made in M9 buffer. Worms subjected to oxidative stress using
20mM hydrogen peroxide showed change in mitochondrial morphology which was
predominantly round and small. Network like morphology of cell body was also lost and they
became fragmented in appearance (Fig 6.3). We characterized the mitochondrial density in ALM
axonal processes which didn’t show any significant change as compared to control (Table 6.3).
Effect of 1 hour oxidative stress were seen more in the morphology but didn’t showed any effect

on mitochondrial number.

6.3. Discussion

Mitochondria are involved in a variety of cellular processes and hence they are the most
promising target which is affected quite readily during diverse cellular stress. We examined
effect of some of these stress; which our model organism was exposed to during experimental
conditions. Our results show that any kind of stress, to which animal was exposed either directly

or indirectly affected mitochondria in one or the other way.

Sodium azide which is a known cytochrome C inhibitor and inhibitor for axonal transport of

mitochondria showed least mitochondrial density. Mitochondrial density in presence of sodium
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azide was found to be even lower than the anesthetic free condition. As worms were exposed to
sodium azide only while immobilizing this short exposure thus can’t abrupt mitochondrial
density moreover as it has been reported to act as axonal transport inhibitor it should ideally
result in ceasing the cellular machinery in its native form. Other two anesthetics GABA agonist
muscimol and acetylcholine agonist levamisole showed significantly higher mitochondrial
density. GABA and acetylcholine receptors are present on C.elegans body walls muscle. Both
these anesthetics are not reported to effect mitochondrial function nor are expected to affect
axonal transport in touch neurons so the unexpected high mitochondrial density observed
remains largely misunderstood. Both these anesthetics took considerably longer time
approximately around 10-15 minutes to immobilize the worm, worms showed vigorous thrashing
movements in both these anesthetics prior to get immobilized. Might be vigorous thrashing
movements observed may be the possible reason for increased mitochondrial density. Moreover,
imaging animals in an anesthetics free condition using micro-fluidic devices has its own set of
limitations as worms were immobilized by applying pressure which also results in another kind
of stress for the animal. Anesthetics which are used routinely during experimentation to
immobilize animals were affecting mitochondria in distinct ways which needs to be explored

further.

Starvation has been reported to effect mitochondria in multiple ways by affecting its morphology
as well as increasing ROS formation. In our experiment L4 worms exposed to starvation for 72
hours duration didn’t alter mitochondrial density however, changes in mitochondrial morphology
especially in cell body was observed at extreme time points for starvation. We found that animal
coped with starvation stress by growth arrest. In normal conditions, at every 12-18 hours growth
period we used to see approximately 1.5 times growth in axon length and number of
mitochondria also used to increase proportionately to maintain axonal mitochondrial density.
Whereas, during starvation we found growth was halted and due to this axonal length didn’t
increase proportionately, however mitochondrial density was maintained precisely. Our
observation of growth arrest due to starvation is in conformance with the similar observations

which report dietary restriction reduces normal body size (Palgunow et al 2012).
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Temperature stress to 37°C affected worm health as well as mitochondria severely. Both
mitochondrial density as well as morphology was found to be effected. Mitochondria were
smaller and larger in number in the axonal process. Increase in mitochondrial density and loss of
mitochondrial tubular structure implied that mitochondrial dynamics was altered and fission
events prevailed. Exposure to oxidative stress using peroxide also resulted in alteration of
mitochondrial morphology to small fragmented form. It has been reported that during stress
fission events dominates and results in fragmenting of mitochondria (Youle et al 2012).
Oxidative stress is reported to trigger fission events in many cells (Pletjushkina et al 2006). So,
for both temperature and oxidative stress fragmentation of mitochondria might be due to fission
events. Fission event has been reported to increase ROS formation which in turn activates
pathways for autophagy. It has also been reported that mitochondria exposed to oxidative stress
as well as damaged mitochondria have low membrane potential which are the most vulnerable
targets for autophagy (Zhang et al 2009). Fragmented mitochondria observed in our experiments

might be also having altered membrane potential and might be the entities prone to autophagy.
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Figure 6.1 Representative images showing variation in mitochondrial number observed under
different anesthetics used for immobilizing the animal

(A and B) Represent ALM and PLM processes imaged after use of 10mM Levamisole.
(C and D) Represent ALM and PLM processes imaged after use of 10mM Muscimol.
(E and F) Represent ALM and PLM processes imaged after use of 50mM Sodium Azide.

Mitochondria are marked by arrows. Scale bar is 10ptm.15-20 animals were analyzed for each experimental set.

Table 6.1
Av. Mito. Av. Mito.
Av. No. of Av. ALM No./100pm Av. No. of Av. PLM No./100 pm
mitochondria ~ Axon length of ALM mitochondria Axon length  of PLM Axon
Anesthetic in ALM (um) Axon length in PLM (um) length
Na Azide (50mM) 18.8+0.47 399.28+6.22 4.72+0.10 25.9+1.1 508.76+9.88 5.06+0.16

Levamisole (10mM) 30.67+2.52 393.86+6.53 7.82+0.71 37.12£1.59 518.94+11.81 7.19+0.37
Muscimol (10mM) 27.27¢1.70 429.447.09 6.36+0.39 36.4+2.14 506.59+9.71 7.16+0.34

Table 6.1 Mitochondrial number and density statistics in the ALM and PLM process during use of
different anesthetics

Data is represented as mean +SEM. 15-20 animals were analyzed for each experimental set.
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Table 6.2
Control Starvation
Av. Mito. Av. Mito.
Av. No. of Av. Axon No./100pm Av.No.of  Av.Axon  No./100um
mitochondria length of of ALM mitochondria  length of of ALM
Time Points in ALM ALM(um)  Axon length in ALM ALM(um) Axon length
0Oh 15+0.5 323.249 4.74+0.2
12h 16.5+0.7 370.33+12.9 4.5+0.2 14+0.4 326.16+7.4 4.43+0.1
24h 19+0.7 432.58+13 4.440.2 14.8+0.7 329.5+7 4.54+0.2
48 h 21.14+1.0 470.75+12 4.5+0.2 15+£0.6 345.1+16.8 4.5+0.2
72h 22.22+1.0 481.11+10.8 4.6+0.2 15+£0.6 352.847.5 4.3+0.2

Table 6.2 Effect of starvation on axonal length and mitochondrial density

L4 worms grown in control condition and under starvation were analyzed for average mitochondrial number and
mitochondrial density in the neuronal process. Worms were imaged at 0™ hour, 12 hour, 24™ hour, 48" hour and
72™ hour time points and results were tabulated. Result is represented as mean+SEM. 15-20 animals were analyzed

for each time point.
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Figure 6.2 (A-D) Represents effect of starvation on average number of mitochondria and axon
length
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(A-B) Variation in average mitochondrial number observed in ALM processes imaged at 0™ hour (L4 worms ), 12
hour, 24™ hour, 48" hour and 72™ hour during control and starvation (food deprived) conditions.

(C -D) Represent Variation in axon length observed during similar conditions.

Data is represented as mean+SEM. 15-20 animals were analyzed for each experimental set.

ALM Axon

Control

Figure 6.3 Represents effect of heat stress (37°C /3hours) and oxidative stress (20mM H,0,/1hour)
on cell body and mitochondrial morphology

(A- B) Represents ALM axon and cell body (CB) subjected to heat stress (HS).
(C-D) represents axon and CB subjected to oxidative stress.

(E- F) Represents axon and CB morphology seen in control conditions.

Scale bar 10um. 15-20 animals were analyzed for each experimental set.

Table 6.3
Av. No. of mitochondria ~ Av. Axon length  Av. Mito. No./100 um of
in ALM of ALM(um) ALM Axon length
L4 (control) 1540.5 4.7+£0.2 323.12
L4 (37°C 3 hour) 17.3+£0.7 5.7+£0.24 305.4+9.4
L4 (H,O, 1hour) 15.3£0.9 4.9+0.21 315.549.7

Table 6-3: Mitochondria number and density in response to heat and oxidative stress

Average number of mitochondria and mitochondrial density in the ALM process for L4 worms grown in control

conditions compared to those exposed to heat stress (37°C /3hours) and oxidative stress (20mM H,0O,/1hour). 15-20
animals were analyzed for each experimental set. Data is represented as mean+=SEM.
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7. UNC-16 Plays an Important Role in Determining Size of Vesicular

Compartments

7.1. Introduction

UNC-16/JIP-3 is a JNK-scaffolding protein which associates with kinases of JNK signaling
pathway and promotes signaling activity. It is also known to be involved with neuronal transport
machinery. Role of UNC-16 is well studied in terms of anterograde transport of cargoes in
neurons (Byrd et al 2001, Brown et al 2009, Edwards et al 2013). One such major neuronal cargo
whose localization gets affected in unc-16 mutants is pre-synaptic vesicle proteins (Brown et al
2009). Transport of synaptic vesicle proteins (SVPs) is exclusively dependent on Kinesin-3
motors. UNC-104/kinesin-3 is one major motor in C.elegans, which is known to transport SVPs
from neuronal cell bodies (Hall et al 1991). Mutation in unc-104 leads to accumulation of SVPs
in neuronal cell body. However, unc-16 was isolated as a suppressor of unc-104 by Yishi Jin’s
group (Byrd et al 2001) as well as in our lab independently (Kumar et al 2010). We got 16109 as
one of the allele of unc-16, which has an early stop codon (work done by Jitendra Kumar and

Bikash Choudhary).

Unc-104;unc-16 animals showed partial restoration of SVPs transport in neuronal processes,
unlike unc-104. We tried to understand the unc-16 mediated suppression of unc-104 phenotype.
Work from our lab (work done by Bikash Choudhary) showed that SVPs formed in unc-16 were
of altered identity. These results were supported by behavioral, biochemical and light
microscopy experiments. Through light microscopy live —imaging, we showed the presence of
large structures carrying SVPs in neuronal processes of unc-16 animals which were absent in
wild type. These observations were also supported by static images, where large accumulations
of SVPs tagged to GFP were observed in neuronal processes of unc-16. Moreover, data from our
lab as well as other groups have reported presence of other vesicular bodies in neuronal
processes unlike wild type. Therefore, I tried confirming the identity of these large structures
observed in neuronal processes at ultra-structure level in unc-16 by comparing them to wild type

through EM imaging.
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7.2. Results

7.2.1. EM Imaging Confirmed the Presence of Large Vesicular Compartments in unc-
16(tb109)

Experiments done by Bikash Choudhary have reported that SNB-1::GFP or GFP::RAB-3 was
frequently present as large sized puncta in unc-16(tb109) animals. These large sized puncta were
found distributed throughout the neuronal processes. To confirm the identity of these large
puncta I performed Electron microscopy analysis of the neuronal processes in the dorsal and
ventral cord regions for both unc-16(tb109) and N2 animals. Young adult animals of unc-
16(th109) and N2 used for imaging and analysis were fixed by high pressure freezing (HPF)
technique in Prof David Hall’s laboratory (Albert Einstein College of Medicine, NY).

Nine worms were fixed and approximately ten to twenty serial sections per worms were imaged.
Both dorsal and ventral cord regions were imaged and diameter of synaptic vesicles was
measured using Image J. Average size of vesicles for both unc-16(tb109) and N2 was quantified.
Relative number of big vesicles (size > 40 nm) in both unc-16(tb109) and N2 was estimated. We
found that unc-16(tb109) animals showed significantly large vesicular profiles compared to N2
animals (Fig 7.1 and Fig 7.2). Average diameter of vesicles was also comparatively high in unc-
16(tb109) compared to N2 (Fig 7.2). Results obtained by our EM analysis were found to be

consistent with the recent studies from Edward et al (Edward et al 2013).

7.3. Discussion

EM Imaging and analysis confirmed the identity of the big punctas as SV’s. Loss of function in
unc-16 has resulted in formation of aberrant SVP transport carriers which were independent of
requirement of UNC-104. These SVP transport carriers are of altered size originating from
neuronal cell bodies. Results thus suggest that sorting and packaging machineries involved at cell

bodies might be disturbed in unc-16 animals.
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Figure 7.1 (A-B) EM micrograph of unc-16(tb109) representing the presence of large vesicular
compartments

(A) Represents EM micrograph of unc-16(tb109) representing the presence of large vesicular compartments in
neuronal cord region; vesicles are marked by arrowheads.
(B) Represents EM micrograph of N2 showing the presence of normal vesicles which are marked by arrow heads.
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Figure 7.2 (A-C) Graphs showing comparison of number and size of vesicles in unc-16(th109) and N2

(A) Represents the comparison between numbers of big vesicles observed in unc-16(tb109) with Wild type (N2).
(B) Average diameter of vesicle observed in unc-16(tb109) was found to be higher compared to Wild type (N2).
(C) Frequency of larger diameter vesicles prevailed in unc-16(tb109) compared with Wild type
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8. Conclusion and Future Directions

Importance of mitochondria in neuronal cells has been studied extensively. It has also been
implicated that mitochondria are required by neurons in every stage starting from axogenesis,
neuronal growth, differentiation and later on for its proper functioning. Mitochondria has also
been reported to take care of the localized needs in certain axonal regions and in order to do so
they re-position themselves and accumulate in the vicinity of such regions. In the axon
mitochondria have been reported to maintain always quality check by regulating their fission

fusion dynamics.

Several studies have been done to study the mitochondrial distribution in a localized region in
neurons and how this distribution varies during neuronal function. However, due to huge
landscape of neurons and difficulty in tracking individual axons no single study has been done so
far which studied how mitochondria are distributed in these axons. It has been proposed in
several studies that mitochondrion contributes to neuronal function. But, no study has been done
which directly correlates mitochondrial distribution with the function associated with a particular
neuron. We aimed at studying how mitochondria were distributed in axon and whether they

correlate with neuronal function.

As mitochondria are vital for neuronal function they must ideally maintain a uniform pattern so
that they can take care of the neuronal needs in localized regions. First we aimed to study how
mitochondria were distributed in axon at a particular time point. We also aimed to study how this
distribution was regulated with axonal growth. Fast axonal transport of mitochondria on
microtubule track takes place by the aid of molecular motors. Along with molecular motors and
anchoring skeleton several other factors like Ca®" levels, mitochondrial dynamics, mitochondrial
membrane potential and neuronal activity all have been associated to control mitochondrial
distribution. Extent of effect of all these factors in terms of mitochondrial number, distribution
and density has never been explored. We explored all these factors in terms of their effect on
mitochondrial number and distribution. We also explored correlation between mitochondrial

number and distribution with neuronal behavior.

We studied mitochondrial number and distribution using C. elegans six touch receptor neurons

as the model. These six touch receptor neurons are specialized both anatomically as well as
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functionally. These neurons have presence of specialized 15-protofilament microtubules which
are instrumental in mechanosensory response for gentle touch. We used C. elegans transgenic
strain jsIs609 where GFP marks mitochondrial matrix which is expressed in six mechanosensory
neurons. Mitochondria number and distribution was studied in jsIs609 across the development.
Results showed that mitochondrial density was developmentally regulated. Mitochondria had a
unique non random distribution pattern which was initiated in the early developmental stages and
was maintained later on. Within the axonal segments different regions also had their own set of

distribution profile which was consistently maintained throughout the development.

A detailed study of all the possible factors governing mitochondrial number and distribution was
undertaken. Results revealed that altering of the anterograde motor kinesin-I had a major effect
on density which got reduced significantly, whereas it didn’t had any significant effect on
mitochondrial distribution. Retrograde motor didn’t show any prominent effect on either. Effect
of cytoskeleton integrity seemed to be vital for controlling both mitochondrial number and
distribution. Mechanosensory mutants having mutation in either alpha or beta tubulin showed
significantly higher mitochondrial density and severely altered distribution. Large percentage of
mitochondria in these tubulin mutants were closely aggregated which was never observed in the
control. Calcium channel mutants also showed similar but milder effects and resulted in both
altered number and distribution. Mutant for mitochondrial fusion affected both number and
distribution significantly whereas, fission mutant had significant effect only on density. Mutants
for DEG/ENaC channels showed effect either on mitochondrial number or distribution or both.
Mutants which showed altered mitochondrial density and distribution also showed altered

mitochondrial distribution trends in the axonal segments.

Along with alpha and beta tubulin, there are several other genes reported to be involved in
mechanosensation and mutants of them have been reported as mechanosensation defective. All
the tubulin mutants had altered mitochondrial number and distribution whereas, DEG/ENaC
channels mutants had altered mitochondrial number or distribution or both. Mitochondria have
been reported to be vital for neuronal function. Altered number and distribution of mitochondria
may be instrumental in their mechanosensation defective behavior. To confirm whether
mitochondrial number and distribution correlated with neuronal behavior, behavioral assays were

carried out. All the mutants showing different degree of altered number and distribution were
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assayed. Results of the behavioral assay showed that percentage of behavioral response showed
by the mutant was inversely proportional to the degree of its altered number and distribution.
Mutants like alpha and beta tubulin which had severely altered number and distribution showed
most poor behavioral response whereas mutants with mild effect showed behavior intermediate
between tubulin mutants and wild type. We also analyzed the effect of inter-stimulus interval on
behavioral response. Our results demonstrated that increasing inter-stimulus interval improved
behavioral response in all the mutants. We also analyzed the effect of growth and imaging
conditions on axonal mitochondrial morphology, number and distribution. Anesthetic chemicals
used during imaging and exposure to various stress like starvation, temperature and oxidative
stress during animal’s growth showed different degree of effect on mitochondrial morphology,

number and distribution.
Some of the specific contributions of research undertaken are as under:-

1) Mitochondria number and distribution in a single neuron throughout the development
studied for the first time. Results reveal mitochondria number and distribution are
regulated throughout the development.

2) All the possible factors in the context of single neurons which may contribute to
mitochondrial number and distribution thoroughly examined. Results report that motor
proteins contribute to mitochondrial density but did not affect mitochondrial distribution.
Integrity of cytoskeleton structure had very prominent effect both on mitochondrial
density as well as distribution. Other factors such as mitochondrial dynamics,
mitochondrial and neuronal function affected either mitochondrial density or distribution
or both.

3) Quantifiable relationship between mitochondria and neuronal behavior demonstrated.
Mitochondrial density and distribution showed a statistically significant correlation with

neuronal behavior.

Results of all these studies done implied that mitochondrial number and distribution was tightly
regulated. Integrity of the transport machinery was most vital for regulating this distribution.
Other factors like Ca®" levels, structure of the neuronal cell as well as the physiological

conditions also showed effect on number and distribution. Number and distribution of
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mitochondria was found as a signature for the neuronal behavior. In this study we analyzed only
the physical presence or absence of mitochondria or its morphology, the functional state of the
mitochondria was not put into account. Increase in mitochondrial density in some of the mutants
might be the mechanism to overcome the compromised mitochondrial quality. This study can be
further extended for the different mutants studied from mitochondrial functional angle.
Functional state of mitochondria in the mutants studied can be assayed by electrophysiology
based assay. Functional state of mitochondria in the axon will also give a better degree of
correlation with the neuronal behavior. Some of the mutants studied such Mec-4(DEG/ENaC)
channels are regulating some other processes like Ca®" conduction So, altering these will effect
multiple pathways, which can be explored further to propose a model to link mitochondrial
distribution with behavior. Factors affecting mitochondria number and its correlation with
neuronal behavior have been studied in mechanosensory neurons only. The above set of results

can be further validated by investigating it in other subset of neurons.
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. Composition of NGM (Nematode Growth Media) Agar per Litre

Chemicals Quantity

NacCl 3g

Peptone 25¢g

Agar 17¢g

H,O 975 ml

Autoclave the above mix and cool to 55°C and add chemicals listed below.
1M CaCl, 1 ml

IM MgSOq4 1 ml

IM Potassium Phosphate pH 6.0 25 ml

Cholesterol (5mg/ml in EtOH) 1 ml

. Preparation of E.coli OP50 Growth Media per Litre

Chemicals Quantity
Bacto-tryptone 10g

Bacto-yeast S5g

NaCl S5g

H,O make-up vol to 1L

Set pH to 7.0. Autoclave and than inoculate with E. coli OP50 single colony and incubate
at 37°C. Allow to grow overnight. Spot liquid culture on NGM plates and allow the
culture to grow overnight at room temperature.

. Composition of M9 Buffer per Litre

Chemicals Quantity
KH,PO4 3g

Na,HPO, 6g

NaCl 5g

IM MgSO4 I ml

H,O make-up vol to 1L
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. Composition of Freezing Solution per Litre

Chemicals Quantity

NaCl 585¢g

KH,PO4 68¢g

Glycerol 300 g

IM NaOH 5.6 ml

H,O make-up vol to 1L
Autoclave above mix than add

0.1 M MgSO0, 3ml

. Composition of 1Litre 10X TE (Tris-EDTA) Buffer

Chemicals Quantity
1 M Tris-HCl pH 7.5 100 ml
500 mM EDTA pH 8.0 20 ml
H,O (ultrapure) 880ml
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